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ABSTRACT
Biomass pyrolysis oils, or bio-oils, are produced from the pyrolysis of lignocellulose and are
considered a renewable source of carbon. Bio-oil contains many different compounds, compris-
ing a wide array of different oxygen-containing functional groups. The relative concentrations
of these compounds can be affected by process conditions that give rise to secondary effects
caused by transport limitations or by the presence of catalysts, either in situ, as in the case of
natural Alkali and Alkaline Earth Metals (AAEM), or ex situ, such as the hydrodeoxygenation
of pyrolysis vapors using molybdenum oxide.
Analysis of the micropyrolyzer system calculated there to be negligible heat transfer lim-
itations, however mass transfer limitations were apparent when an excessive sample weight
(>800 µg) was applied. Secondary effects were found to be catalyzed by char and included
the decomposition/dehydration of levoglucosan to low molecular weight products, furans, and
dehydrated pyranose, as well as secondary char and gas formation. Levoglucosan yield was
also diminished upon the addition of added AAEMs, specifically sodium chloride and calcium
chloride. The diminishment was most severe in cellulose pyrolysis where the levoglucosan yield
decreased by 85% when NaCl was added at a loading of 1.75 wt.%.
Utilizing bio-oil in the production of fuels or chemicals poses challenges due to the high
oxygen content of bio-oil. Numerous efforts have been carried out to remove oxygen efficiently
while minimizing the loss of carbon. Here, the hydrodeoxygenation of biomass pyrolysis vapors
was conducted with a tandem micropyrolyzer system using low pressure hydrogen, a molybde-
num oxide catalyst situated ex situ of the pyrolysis reactor, and cellulose, lignin, and corn stover
feedstocks. The highly oxygenated pyrolysis vapors were effectively converted to hydrocarbons
by the MoO3 catalyst. Oxygenated compounds were observed in the products from the first
feed injection but not in succeeding injections. However, when the catalyst was pre-reduced
to a more active state, the products were fully deoxygenated from the first injection. The
xiv
products included mainly linear alkanes (C1 to C6) and monocyclic aromatics. Remarkably,
the total hydrocarbon yield for each feedstock was as high as ∼75-90 C% from the volatile
carbon (excluding char).
Using different MoO3 catalyst loadings for cellulose hydrodeoxygenation found alkanes to
dominate at higher loadings, while at lower loadings alkene yields were increased. However, at
too low of a loading, the pyrolysis vapors were not totally deoxygenated. The hydrodeoxygena-
tion of monooxygenate C4 compounds found hydroxyl groups to be the most readily reacted
and ether linkages to be the most recalcitrant. In general, the reactivity towards deoxygena-
tion of the tested oxygen-containing functional groups was observed to be C-OH > C=O >
C-O-C. Several cellulose pyrolysis model compounds were tested, including methyl glyoxal,
glycolaldehyde, furfural, 5-hydroxymethylfurfural, and levoglucosan, and found the same gen-
eral trend to be present, except for levoglucosan, which was totally converted and did not
yield any oxygenated species despite containing two ether linkages. Pyridine temperature pro-
grammed desorption studies found the acidity of MoO3 to greatly increase after reduction for
1 hr under H2 flow. The general reaction pathway was observed to include carbonyl/hydroxyl
hydrogenation/dehydrogenation, alkene isomerization, and alkene hydrogenation.
1CHAPTER 1. INTRODUCTION
The current global consumption of energy is 524 quadrillion BTU (as of 2010) and is ex-
pected to increase 56% by 2040 [5]. The United States (US) is projected to see a growth of
0.4% per year in energy consumption to reach a total consumption of 106.3 quadrillion BTU
in 2040 [6]. To meet the required energy demands, the US needed to import a notable amount
of liquid fuels (natural gas liquids, petroleum, and biofuels), or about 16% of total consump-
tion [6]. Due to the partial reliance on imported fuels, as well as concerns over national energy
security, finite fossil fuel resources, economic impacts, and climate change, among others, inter-
est in producing renewable fuels and chemicals domestically has greatly increased within the
last decade. [7, 8, 9, 10, 11, 12].
One abundant source with great potential for producing renewable fuels and chemicals is
lignocellulosic biomass. Biomass is considered to be carbon neutral, wherein the CO2 released
to the atmosphere from the combustion of the biomass or its derivatives is approximately equal
to the amount of CO2 absorbed through the process of growing the biomass [13]. Biomass
has recently surpassed hydroelectric power as the largest domestic source of renewable energy,
equal to about 3% of total domestic energy consumption [13, 14]. In fact, in the US in 2003,
2.9 quadrillion BTU of the energy consumed was generated from biomass (190 million dry tons
worth) and that has the potential to greatly increase considering half of the 3.8 million square
miles of land within the country has the potential to grow biomass [14]. About half of the
190 million dry tons was produced from forestry products (pulping liquors and wood residue),
which have been estimated to be able to produce up to 370 million dry tons of biomass per
Material presented in this chapter has been reproduced in part from [1, 2, 3], copyright 2014 American
Chemical Society, and from [4], copyright 2016 Wiley-VCH.
2year [14]. Agricultural resources, on the other hand, have the potential to produce 1 billion
dry tons per year [14].
Biomass is mainly constituted of three large biopolymers: cellulose, hemicellulose, and
lignin. Cellulose is composed of repeating d-glucopyranose units connected by β-1,4-glycosidic
bonds with a degree of polymerization of up to 9,000-10,000 units and generally accounts
for 20-50 % by dry mass of biomass [15, 16, 17, 18]. Hemicellulose and lignin are relatively
more complex than cellulose. Hemicellulose generally has a much shorter chain length than
cellulose (100-200 units) and is made up of 5-carbon and 6-carbon carbohydrates, mainly ara-
binose, galactose, glucose, mannose, xylose, galaturonic acid, and 4-O-methyl glucuronic acid
residues [17, 18]. Hemicellulose normally represents 15-40 % of dry biomass [17, 18]. Lignin
is an amorphous resin composed of repeating phenylpropane aromatic units, namely coniferyl
alcohol, p-coumaryl alcohol, and sinapyl alcohol, connected in many different linkages, such as
β-O-4, α-O-4, β-5, and 5-5 bonds among many others [18, 19]. The relative concentrations of
cellulose, hemicellulose, and lignin will change depending on the feedstock. On a dry basis,
hardwoods, for example, generally contain 40-45 wt.% cellulose, 15-25 wt.% hemicellulose, and
18-25 wt.% lignin [17]. Softwoods, on the other hand, generally contain a higher amount of
lignin (25-35 wt.%) and less cellulose and hemicellulose [17]. Also, wood contains less lignin
than the overlaying wood bark [18]. Corn stover and herbaceous biomass generally contain
similar amounts of cellulose, hemicellulose, and lignin, but higher amounts of minerals and
proteins. Corn stover has been measured to contain about 36 wt.% cellulose, 23 wt.% hemicel-
lulose, 17 wt.% lignin, and 10 wt.% ash [16]. Switchgrass can contain a lower amount of lignin,
about 6-12 wt.%, and is also composed of 40-45 wt.% cellulose, 31-35 wt.% hemicellulose, and
10-17 wt.% protein and minerals [16].
The biomass biopolymers can be converted biochemically to produce fuels, such as the
fermentation of cellulose or starch, or landfill or sewage waste to alcohols or biogas. Biomass
can also be converted thermochemically to chemical and fuel intermediates, such as syngas
or pyrolysis oil. Of the various biomass conversion processes, thermochemical fast pyrolysis
is drawing interest on account of its ability to generate a high yield of liquid product within
a shorter reaction time as compared with biochemical conversion routes [16, 20, 21]. In the
3pyrolysis process, the biomass feedstock is rapidly heated to a temperature of 400-600 ◦C in
an atmosphere devoid of O2. The constituent biopolymers, cellulose, hemicellulose, and lignin,
breakdown and depolymerize releasing a wide array of products [18, 20].
Cellulose has been found to degrade at temperatures of ∼250-370 ◦C [17, 22]. Typically,
the products that evolve include water, levoglucosan, 5-hydroxymethylfurfural, glycolaldehyde,
acetol, acetic acid, and many others [23]. Hemicellulose degrades at a slightly lower temperature
range, 225-325 ◦C, and yields some of the same molecules as cellulose, where water, acetic acid,
furan, and furfural are some major products among many other minor products [23]. Lignin,
on the other hand, degrades over a wider temperature range (280-500 ◦C) and yields a very
different pyrolysis product distribution from the carbohydrate biopolymers [22]. The main
products from lignin pyrolysis include cresols, guaiacols, phenols, syringols, and others [23].
During pyrolysis, the feedstock is heated to a moderate temperature of 400-600 ◦C [24].
The heating rate and vapor residence time can be varied depending on the desired product.
In conventional pyrolysis, a longer residence time on the order of hours, combined with a
lower heating rate, maximizes the yield of solid char [15]. In fast pyrolysis, a shorter residence
time (0.5-5 s) and a higher heating rate are used to maximize the liquid bio-oil yield [18,
20]. Typically, the liquid yield is ∼60-95 wt.% of the dry feedstock, with wood generally
yielding 72-80 wt.% liquid and higher lignin-content feedstocks giving a liquid yield of 60-65
wt.% [18]. Normally, pyrolysis is performed in an inert atmosphere to prevent combustion of
the feedstock. The volatile products that are produced are quickly swept out of the heated
reaction zone to prevent further breakdown. The vapor is filtered of solids (char) by cyclone
or hot gas filters, and then quickly cooled and condensed into a liquid product [16, 20, 25].
The recovered solids can be burned for process heat to be used for the pyrolysis reactor or
drying the feedstock [16]. The pyrolysis products require rapid cooling and quenching into an
immiscible solvent or product bio-oil in order to prevent blockage and liquid fractionation [21].
For the aerosols and more volatile compounds, electrostatic precipitation is an effective method
for condensation [21, 26].
The liquid product, known as biomass pyrolysis oil or bio-oil, is a highly complex mixture
of over 300 different compounds including acids, alcohols, aldehydes, alkenes, aromatics, esters,
4furans, ketones, sugars, water, and other miscellaneous oxygenates [18, 27, 28]. Bio-oil is acidic
(pH of ∼2-4), corrodes aluminum and carbon steel, and its high water content (15-30 wt.%)
and oxygen content (44-60 wt.%) reduce its heating value to about half that of heavy fuel oil
(16-19 MJ/kg vs 40 MJ/kg, respectively) [27, 29, 30]. Furthermore, some of the compounds,
particularly those containing carbonyl groups or lignin-derived phenolics, continue to react in
the bio-oil and undergo polymerization reactions resulting in increases in average molecular
weight and bio-oil viscosity [18, 31, 32, 33]. Some polymerization reactions that can occur
include esterifactions, etherifications, and reaction between double bonded species [32, 34].
Reactive compounds can also undergo condensation reactions that produce water, which may
eventually cause phase separation of the bio-oil into organic and aqueous phases [29].
Despite these limitations, bio-oil is still a desirable product due to the advantages of being
storable and transportable and, with some amount of reforming and upgrading, the potential
as a feedstock for various commodity chemicals and fuels [16, 21]. In its virgin state, bio-oil
has been tested as an alternative to fuel oil in many electrical generation processes, including
in turbines, furnaces, boilers, and engines [21, 35, 36, 37, 38, 39, 40, 41]. Other studies have
been conducted to upgrade and stabilize the bio-oil through investigating different means of
altering the compound distribution within the bio-oil including hydrodeoxygenation, catalytic
upgrading, and steam reforming, among others [16, 42, 43, 44, 45]. Research has also looked into
altering bio-oil product distributions through changing the pretreatment or reactor conditions.
Typical pretreatment methods aim to decrease particle size, reduce biomass moisture, separate
the biomass constituents (cellulose, hemicellulose, and lignin), and remove inorganic metals [18,
23, 46].
Pyrolysis of Glucose-based Carbohydrates
The first step in understanding carbohydrate pyrolysis chemistry is to examine the reaction
pathways and mechanisms of neat carbohydrates, particularly with regard to the effect of pro-
cess conditions and sample properties on pyrolysis product distribution. A study by Ponder
et al. used vacuum thermogravimetric (TG) pyrolysis to study the effect of linkage position
on pyrolysis product distribution [47]. The highest yields of levoglucosan were obtained from
5cellulose and amylopectin (α-1,4 and α-1,6 linkages) at ∼55% each. A later study by Patward-
han et al. using a micropyrolzer found similar results, with cellulose and waxy maize starch
(α-1,4 and α-1,6 linkages) giving the highest yields of levoglucosan [48]. Importantly, as the
chain length increased from one (glucose) to two (cellobiose) to six (maltohexaose) to greater
than 100 (cellulose) units, the pyrolytic levoglucosan yield increased. Another study from Pat-
wardhan et al. investigated the chain length effect and linkage position on the pyrolysis of
glucose-based carbohydrates [48]. In terms of levoglucosan yield, the general trend was ob-
served where polysaccharides > oligosaccharides > disaccharides > monosaccharides. The only
linkage position found to have an effect was in dextran where the glycosidic bond is an α-1,6
linkage. The other linkages, α-1,4, β-1,4, and β-1,3, were found to not have a significant impact
on the levoglucosan yield. The levoglucosan yield from dextran was about 40% lower than from
cellulose. The yields of the low molecular weight compounds (LMW), gases (CO and CO2), and
char followed the opposite trend from the levoglucosan where monosaccharides > disaccharides
> oligosaccharides > polysaccharides. Generally, it was postulated that levoglucosan and the
LMW were formed through competing pathways instead of a successive pathway, in which the
LMW were a product of degraded levoglucosan. The formation of LMW from shorter chain
length saccharides was more facile likely because of the ability for more carbohydrate molecules
to go through a ring opening step.
The volatility of the higher molecular weight pyrolysis products may affect their ability to
quickly escape the heated reaction zone and prevent their breakdown to LMW or gas or char.
For instance, Varhegyi et al. pyrolyzed cellulose in a TG-MS with the samples hermetically
sealed inside the crucible with only a 0.2 mm hole punctured into the top for the vapors to
escape [49]. As a result, inside the heated crucible the vapor residence time was longer and the
partial pressures of the products was higher. It was found that the thermal degradation rates
and degradation temperature of the cellulose was relatively unchanged, however, the yields of
individual products were greatly effected. Comparing to the standard experiment with no cover,
the char yield increased from 5 wt.% to 19 wt.% with the cover. In addition, large increases in
the yields of CO, CO2, and water by factors of 2, 5, and 2.5 respectively, were also seen with
the cover. By preventing the fast escape of the pyrolysis vapors, it was postulated that there
6was further reaction of the products leading to additional CO, CO2, water, and char formation.
Bai et al. performed a similar experiment by pyrolyzing levoglucosan in open or covered TGA
cups and observed an increased yield of char with the covered cups [50]. It was hypothesized
that the levoglucosan underwent competing reactions, volatilization or polymerization followed
by dehydration. In the open cups, it was easier for the levoglucosan to volatilize and escape
the heated zone. However, in the covered cups, the partial pressure of levoglucosan was higher
and the volatilization rate was likely lower, leading to degradation through oligomerizaiton and
subsequently dehydration to form char.
It may also be possible to create a high localized partial pressure of pyrolysis vapors by
employing a thin film pyrolysis technique. That is, by suspending or dissolving the feedstock
in a solvent and then transferring the solution to a pyrolysis sample cup and evaporating off
the solvent, a thin film of the feedstock can be deposited onto the bottom or walls of the
cup. Mettler et al. reported detailed product distributions for the pyrolysis of cellulose in the
form of a powder and a thin film and also of glucose as a thin film [51]. Comparing the two
cellulose samples, it can be seen that the thin film generated a lower yield of levoglucosan and
higher yields of LMW products, char, and gases. The thin film glucose also generated less
levoglucosan and more char, gases, and LMW as compared to previously reported yields from
powdered glucose [48]. Theoretical calculations by Mettler et al. showed the thin film samples
to be free from any mass or heat transfer gradients and the reactions were therefore kinetically
limited [51]. Therefore, it was hypothesized that due to the absence of transport limitations,
the thin film samples would have a smaller degree of product breakdown. This hypothesis,
however, is in direct contrast to the data reported comparing pyrolysis product distributions
of thin film samples with powder samples, where powder samples yielded a greater amount of
levoglucosan. In actuality, based on the reported pyrolysis yields, transport limitations may
be having a larger effect on the thin film samples. For example, the thin film samples may be
generating a higher localized partial pressure of levoglucosan inside the pyrolysis cup, which
could slow the vaporization of additional levoglucosan from the condensed phase, leading to
further breakdown and the generation of additional LMW, char, and gases.
7Effect of Alkali and Alkaline Earth Metals
Biomass naturally contains inorganic minerals that exist in different forms within the plant.
For example, calcium or magnesium can be complexed with carboxyl groups in the hemicellulose
and lignin [52, 53] or silicon taken up by the roots is irreversibly immobilized as silica gel
(SiO2·nH2O) [53]. The concentration of the minerals can vary greatly depending on the type
of biomass (Table 1.1).
Table 1.1: Example mineral concentrations present in dried biomass.
Southern Eastern
Mineral White Oak Red Oak White Pine Corn Stover Switchgrass
(ppm) (Q. alba) (Q. falcata) (P. strobus) (Z. mays) (P. virgatum)
Na 21 44 9 15 300
K 1200 600 300 11000 2100
Mg 310 30 70 1600 2700
Ca 500 300 200 2400 6900
P - 20 - 430 770
Mn <10 10 30 23 -
Fe - 30 10 150 320
Cu - 73 5 3.5 -
Zn - 38 11 40 -
ref. [54] [54] [54] [55] [56]
The presence of these metal cations has been found to dramatically alter the product
distribution during fast pyrolysis [57, 58, 59, 60, 61, 62]. Typically, a pretreatment of mild acid
washing of the biomass is performed to remove the native minerals. Scott et al. investigated
different acid washing conditions to find the most efficient method of mineral removal [59]. By
tracking K and Ca concentrations in the eﬄuent, it was found that hot water washing was able
to readily remove most of the K and some of the Ca. Dilute acid was required to remove much
of the Ca and a minor amount of K. Therefore, the authors postulated the cations were present
in the biomass in two different forms, either as a soluble salts that could be removed through
water washing, or as complexes bound to reactive sites in the biomass. The complexed cations
required ion exchange with protons to be removed from the biomass.
8When the indigenous minerals are removed from biomass or cellulose, there is a significant
change in the pyrolysis product distribution. For example, by pretreating two different cellulose
samples with a 5 wt.% sulfuric acid solution at 90 ◦C for 5.5 hours, Piskorz et al. were able to
achieve higher liquid yields and lower gas and char yields [58]. Within the product liquid, the
authors saw an increased yield of levoglucosan and other anhydrosugars after the acid washing
pretreatment. The same trend of increased liquid and anhydrosugar yields was observed when
pyrolyzing untreated and acid washed poplar wood. The acid washing pretreatment on the
poplar wood was reported to have removed about 90% of the minerals, however the authors
attributed the observed increased liquid yield to the removal of hemicellulose from the wood
rather than the removal of minerals. Unfortunately, only the cellulose content of the biomass
was quantified before and after the acid treatment, so it is unknown what fraction of the
hemicellulose was removed. Other researchers have also seen a higher tar (liquid) yield after
acid washing [63].
A number of studies have investigated the effect of added metals on the pyrolysis of cellulose
and biomass. Pan and Richards ion-exchanged Ca or K into wood and measured the weight
loss and evolution of water, carbon dioxide, carbon monoxide, acetic acid, formic acid, and
methanol using gas phase Fourier transform infrared spectroscopy (FTIR) [60]. Calcium was
not found to have an effect, giving similar results as the acid-washed wood under the experimen-
tal conditions. Potassium, however, gave similar results as the original, non acid-washed wood.
Mu¨ller-Hagedorn et al. found the addition of calcium chloride to actually increase the yield
of levoglucosan as compared to water washed wood [64]. The addition of other salts, namely
NaCl, KCl, K2SO4, and KHCO3, all led to a decrease in the levoglucosan yield, with KCl
giving the most dramatic decrease. Kleen and Gellerstedt also found Ca to increase the yield
of levoglucosan in spruce thermomechanical pulp pyrolysis [65]. However, upon the addition
of Na, there was a significant impact on pyrolysis product distribution, where fragmentation
reactions dominated leading to products containing two to five carbon atoms.
Richards et al. impregnated a range of different metal ions onto cottonwood sapwood and
newsprint by ion exchange or adsorption [57]. Through ion exchange, Li, K, and Ca gave
increased yields of char and decreased yields of levoglucosan and overall liquid product. Inter-
9estingly, the other metals tested (Mg, Mn(II), Fe(II), Co(II), Ni(II), Cu(II), and Zn) showed
similar liquid yields, but increased levoglucosan yields as compared with the control case of
acid-washed wood. The levoglucosan yield from the acid washed wood was measured to be
5.4%. In the presence of K and Ca, the yield was decreased to 0.4% and 4.1%, respectively,
while in the presence of the transition metals, the levoglucosan yield ranged from 10.6% with
Mn to as high as 15.8% with Fe. The addition of copper acetate to cellulose resulted in a
decrease in levoglucosan yield, from 41.5% to 31%. Therefore, the authors postulated that the
addition of the transition metals was not affecting cellulose, but possibly interacted with the
lignin and decreased the interference of the lignin on the levoglucosan formation from cellulose.
Added iron sulfate was found to catalyze the formation of levoglucosenone, an acid catalyzed
dehydration product from levoglucosan. The authors hypothesized the sulfate ion became
sulfuric acid under pyrolysis and was then able to catalyze the dehydration of levoglucosan.
Another study by Richards looked at the formation of glycolaldehyde from cellulose pyrolysis
with added NaCl [66]. Without added NaCl, a 9.2% yield of glycolaldehyde was obtained,
however when a cellulose sample containing 22 wt.% NaCl was pyrolyzed, the yield decreased
to 4.8%. Unfortunately, yields for only four other products were reported instead of the entire
product distribution. In the study, the decreases in yields of glycolaldehyde, formic acid, and
ethylene glycol were coupled with increases in yields of acetol and acetic acid. The author pos-
tulated the formation of glycolaldehyde occurred before the formation of levoglucosan, rather
than from the degradation of levoglucosan, as in cellulose → levoglucosan → glucose → glyco-
laldehyde + C4. However, without comparing the full product distributions from the pyrolysis
with and without added NaCl, it is difficult to determine reaction pathways and mechanisms.
Sekiguchi and Shafizadeh investigated the effect of added NaCl on the formation and com-
position of cellulose pyrolysis char [67]. Through thermogravimetric analysis (TGA), it was
found that NaCl increased the decomposition temperature of cellulose as compared with neat
cellulose. Also, the addition of the salt resulted in an increased yield of char at the higher ex-
perimented pyrolysis temperatures (350 and 400 ◦C). However, elemental analysis showed the
CHO composition of the char was relatively unchanged upon the addition of NaCl. Shimada et
al. also used a TGA to examine the effect of Na, K, Mg, and Ca chlorides [68]. The presence
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of NaCl or KCl slightly increased the temperature of maximum weight loss. The MgCl2 and
CaCl2 salts used in the study were hydrated and, therefore, during the TG experiments there
was a convolution of salt dehydration and cellulose degradation making analysis of the cellulose
degradation characteristics difficult. The yields of levoglucosan were reported with respect to
the salt loading. It was found that even at the lowest loading of 0.005 mol salt/mol glucose
unit, the levoglucosan yield decreased to near zero from an initial, untreated yield of about 31
wt.%. The only exception was the addition of 0.005 mol MgCl2/mol glucose unit yielded 15
wt.% levoglucosan, however the yield decreased to zero at a loading of 0.05 mol MgCl2/mol
glucose unit. A TG-FTIR study of cellulose and wheat straw pyrolysis with and without KCl
impurities found that the presence of salt highly influenced product yields, especially in the
case of pyrolysis of pure cellulose with KCl [69]. The authors found increased yields of gas (CO
and CO2), water, and char and a decreased yield of tar with the addition of KCl. However, the
temperature of maximum weight loss occurred at about the same temperature for the salt-free
and salt-added experiments. From this, the authors postulated that the main decomposition
reactions are the same, i.e., cellulose first depolymerizes and then volatilizes.
Using TG pyrolysis under vacuum conditions, Ponder et al. studied the effect of NaCl on
glycans with different glycosidic linkages [47]. Broadly, it was found that char yield was always
increased in the high mineral content samples, i.e., in both the samples with a high content of
natural minerals as well as in samples that were acid washed followed by impregnation with
NaCl. Varhegyi et al. used TG-MS to pyrolyze Avicel cellulose with the presence of added
salt catalysts, MgCl2, NaCl, FeSO4, and ZnCl2 [49]. The addition of NaCl greatly increased
the yield of water, CO, CO2, and char as compared with pure cellulose. The cellulose mass
loss rate was also affected by NaCl as mass loss began at a lower temperature and the thermal
degradation curve was broader. The addition of MgCl2 was found to have a much more subtle
effect on the pyrolysis than NaCl, as water and CO yields slightly decreased and char and CO2
yields slightly increased compared with the pure case. Importantly, Varhegyi et al. noticed a
good fit between the thermal degradation curves of the neat and MgCl2-impregnated celluloses,
and therefore postulated that the MgCl2 didn’t affect the overall reaction, but instead affected
the relative formation rates of the minor organic compounds.
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Patwardhan et al. used a micropyrolyzer to investigate the effect of AAEM chlorides and
various Ca salts on the fast pyrolysis of cellulose [62]. The identification and quantification of
twenty compounds, as well as the char and gas fractions, allowed for a more comprehensive
study of the effect of AAEMs on cellulose pyrolysis product distribution. The study found
that products were the same from the pyrolysis of neat cellulose or with added AAEMs, only
the relative yields were different. With respect to the alkali metal chlorides, NaCl and KCl,
the levoglucosan yield was found to dramatically decrease even at the lowest salt loading,
decreasing from 59 wt.% for the neat case to 26-29 wt.% at a 0.006 mol salt/g cellulose loading.
At higher salt loadings (>0.10 mol salt/g cellulose), the levoglucosan yield reached an apparent
asymptote at ∼18 wt.% with added NaCl and ∼16 wt.% with added KCl. The decreased yields
of levoglucosan were coupled with increased yields seen with glycolaldehyde, acetol, and char.
The alkaline earth metal chlorides, MgCl2 and CaCl2, also caused a large diminishment in the
levoglucosan yield, though the decrease was not as dramatic at low salt loadings. At the highest
salt loading, ∼0.40 mol salt/g cellulose, the levoglucosan yield was similar as was seen with the
added alkali metal chlorides, or about 16 wt.%. Levoglucosan yield was also diminished during
the pyrolysis of cellulose with different added calcium salts, and it was found in order of the
weakest anion effect to the strongest anion effect on the yield that PO 3–4 ≈ CO 2–3 < OH– ≈
NO –3 < Cl
– . It was not hypothesized how the anion was influencing the pyrolysis other than
the chloride anion was possibly more favorably influencing the dehydration pathway more so
than the other calcium salts.
In some cases, levoglucosan yield can be enhanced. For example, Dobele et al. found that
the pyrolysis of cellulose or wood with the addition of 0.5% of H3PO4 increased levoglucosan
and/or levoglucosenone yields [61, 70]. From cellulose, the levoglucosan yield increased from
20.4% in the neat case to 58.1% with added H3PO4. From wood, the levoglucosan yield
actually decreased with the addition of 0.5% H3PO4, from 17 to 16.6%, however, an increase
in the acid loading to 1.0% increased levoglucosan yield up to 33.6% [61]. Further increases
in the acid loading, up to 2.5% H3PO4, decreased the levoglucosan yield, but increased the
levoglucosenone yield. With no added acid, the cellulose and wood yielded 1.2% and 0.8%
levoglucosenone, respectively. Levoglucosenone yield was maximized from wood at an acid
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loading of 2.5%, giving 35.5% levoglucosenone, while cellulose with 2.0% H3PO4 yielded 49.7%
levoglucosenone. It was postulated that cellulose depolymerized firstly at lower temperature
within the amorphous portion, followed at a higher temperature with the depolymerization of
the crystalline region [70]. With the addition of H3PO4, both the amorphous and crystalline
regions were postulated to be involved in dehydration reactions.
Adding iron, in the form of Fe(III)SO4, also had an effect on levoglucosan and levoglu-
cosenone yields [61]. When the iron(III) was adsorbed onto cellulose or wood, levoglucosenone
yield increased up to as high as 40.7% from cellulose and 25.7% from wood with increased
iron(III) loading. When the iron(III) was added through ion exchange, levoglucosan yield in-
creased and levoglucosenone yield decreased as iron(III) loading increased. The levoglucosan
yield was reported to be as high as 44.8% from cellulose and 27.3% from wood. Kuzhiyil et al.
pyrolyzed acid-infused switchgrass and found the yield of anhydrosugars and furans to increase
and the yields of light oxygenates to decrease when various mineral and organic acids were in-
fused at 2 wt.%, specifically upon the addition of sulfuric or phosphoric acid [71]. The infusion
of sulfuric acid led to the highest increase in anhydrosugar yield with a yield of almost 16 wt.%
compared with less than 2 wt.% for the neat biomass. It was hypothesized that the sulfuric acid
addition diminished the effect from the AAEMs by passivating the ions through the formation
of less reactive sulfate salts. It was also postulated that the salts that were formed buffered the
system within a pH range that was more suitable to glycosidic bond cleavage and anhydrosugar
formation.
Other inorganics, apart from the AAEMs, have been pyrolyzed along with biomass including
Cu [57, 72, 73], Fe [57, 61, 72, 74], Cr [73], Ni [57, 74], Zn [57, 74] and others. Edye et al.
found that wood ion-exchanged with MnII, FeII, CoII, NiII, CuII, or Zn lead to a decrease in the
yield of char and an increases in the yield of liquid and gases, and also, surprisingly the yield
of levoglucosan was increased as compared to the acid washed wood [72]. The acid washed
cottonwood sapwood gave a yield of 5.4 wt.% levoglucosan, whereas the ion-exchanged wood
gave up to a 15.8 wt.% yield with added FeII. Branca et al. also saw an increased yield of
levoglucosan when iron sulfate (Fe2(SO4)3) was impregnated on corn cob as compared to the
control, acid-washed feedstock [74]. However, the levoglucosan yield reached a maximum at the
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lowest tested catalyst loading of 0.7 wt.% after which the yield subsequently decreased at higher
catalyst loadings. Fu et al. used chromium or copper based catalysts and found K2Cr2O7 and
CuSO4 enhanced levoglucosan formation for pine wood pyrolysis. Untreated wood yielded 4.86
wt.% levoglucosan, but with the addition of K2Cr2O7 the yield increased to 26.73 wt.%, and
in the presence of CuSO4 the yield was 14.34 wt.%. However, the overall char, liquid, and gas
yields were all similar for the untreated, added K2Cr2O7, and added CuSO4 cases, except for
the gas yield was about three times greater upon the addition of K2Cr2O7. Even though all
of the inorganic species tested in the literature have shown catalytic activity to one degree or
another, AAEMs are the most studied, likely due to their natural ubiquity in biomass (Table
1.1).
The conventional experiment investigating the catalytic effect of metal ions on biomass py-
rolysis typically involves impregnating salt ions onto the biomass. In one common method, the
salt and biomass are dissolved in water and thoroughly homogenized. Then, the solution is held
at higher temperatures or in a desiccator to evaporate off the solvent [62, 68, 69, 74]. Another
common method, ion exchange, has biomass suspended in a salt solution [57, 60, 61]. After
allowing sufficient time for metal complexation, the biomass is subsequently filtered, washed
and dried. Impregnated samples are then pyrolyzed in a TGA, micropyrolyzer, or other type
of reactor and the reaction characteristics or product gases are studied. Typical experimental
analysis methods include measuring mass loss rates by TGA, compound characterization by
gas chromatography/mass spectroscopy (GC/MS) or FTIR, and compound quantification by
GC/FID (flame ionization detector) or GC/TCD (thermal conductivity detector).
The thermal degradation characteristics of biomass are compared in the standard TGA
experiment, including examining temperature of first mass loss and the bulk pyrolysis temper-
ature (temperature at the maximum mass loss rate). In most cases, the addition of metal salts
lowered the temperature of initial mass loss as well as the bulk pyrolysis temperature [57, 68, 69].
Mass loss rate curves (DTG) show a single sharp peak for pure cellulose pyrolysis, while the
presence of metal salts broadened the peak [49]. A possible explanation is that metal salts cat-
alyzed the depolymerization of cellulose and the subsequent fragmentation of the monomer into
smaller molecule weight compounds, H2O, CO, and CO2 [49]. A TG-FTIR study of wheat straw
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pyrolysis with and without KCl impurities found that the presence of salt highly influenced
product yields, especially in the case of pure cellulose with KCl pyrolysis [69]. By comparing
the two scenarios, the authors found increased yields of gas and char and a decreased yield of tar
with the addition of KCl [69]. However, the authors postulated that the main decomposition
reactions were the same, i.e., cellulose first depolymerized and then the product compounds
volatilized, based on the observation that the temperature for tar formation was the same in
both cases [69].
Even though a TGA has been widely used to study thermochemical biomass conversion,
there is a serious fault in using it for pyrolysis experiments. A TGA cannot provide the high
heating rates required for fast pyrolysis. Fast pyrolysis is characterized by having very high
heating rates (>100 ◦C/s), while a TGA is usually limited to low or medium heating rates
(≤100 ◦C/min). So, comparing product yields from TGA experiments with fast pyrolysis is
disingenuous as slower heating rates can facilitate certain reactions over others, such as char
formation. Also, without connecting an analytical machine, a TGA is only able to measure
mass loss rates at slow heating rates and is not able to distinguish what compounds are evolving
from the biomass sample.
All of the experiments in this study will be performed using a micropyrolyzer, which has
some significant advantages over a TGA or bench-top fluidized bed reactor. For the micropy-
rolyzer, the sample size needed is very small (≤500 µg), the sample heating rate is rapid (∼500
◦C/s), and the major products are easily quantified immediately post-volatilization. Mass
transfer limitations may be present, in that once a compound is volatilized, it does not diffuse
out of the pyrolysis cup. The compounds that do not diffuse out of the cup will likely interact
with the char in the cup. The end result being reduced yields of volatilized products and in-
creased yields of char. However, a different pyrolysis cup may be used that eliminates the need
for volatilized to diffuse out of the cup in order to enter the GC column. A flow-through cup
has a small hole in the bottom which allows helium to flow directly through the cup and sweep
any volatilized products into the GC . Therefore, if the two different types of cups give similar
yields of FID detectables and char, then it can be concluded that mass transfer limitations are
not present or, at the least, negligible. Previous experiments using the micropyrolyzer have
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shown little difference in the product distributions using the different cups. As a result, all
experiments will be performed using the normal pyrolysis cups, mainly due to the cost and
quantity available for experimentation.
As can be seen from the survey of the literature it was found that true fast pyrolysis exper-
iments have been performed using an array of different forms of biomass and metal salts. For
example, some different systems that have been tried are cellulose with AAEM chlorides [62, 68]
or various calcium salts [62], woody biomass with AAEM chlorides [63], potassium salts [64],
or metal acetates [57], and pulp with sodium, calcium, and aluminum salts [65]. Generally,
the analysis of these systems includes noting changes in product distributions and possibly
changes in degradation kinetics. As far as specific product formation mechanisms, there have
only been proposals for a few of the major products, most notably levoglucosan [47, 62]. Also,
the mechanisms proposed are sometimes based on systems which have usually included com-
plexities that make mechanism determination more complicated, i.e., pyrolyzing whole biomass
or large polysaccharides. Therefore, in order to attain a more fundamental understanding of
carbohydrate thermal degradation mechanisms, the experimental systems must be simplified.
Catalytic Strategies for Deoxygenation in Biomass Pyrolysis
As noted previously, bio-oil has been shown to be a complex mixture of hundreds of different
organic compounds including anhydrosugars, furanics, aromatics, carboxylic acids, aldehydes,
ketones, and many others (Table 1.2) [18, 27, 28, 75]. In its virgin state, bio-oil can have a
relatively high water content (15-30 wt.%) and oxygen content (>35 wt.%) as well as a low
pH value (ca. 2.5) [27, 76]. In addition, some carbonyl or phenolic compounds can readily
undergo condensation or polymerization reactions resulting in increased liquid viscosity and
average molecular weight (MW), a process known as ‘aging’ [18, 31, 32, 33]. Over time, water
generation from these reactions can impact stability and lead to phase separation of the bio-oil
into water-soluble and organic fractions [29].
Since a vast infrastructure currently exists to refine petroleum, it would be advantageous
if bio-oils could also be processed alongside petroleum in these same facilities [77]. By uti-
lizing existing infrastructure and avoiding, or at least greatly reducing, new capital costs the
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Table 1.2: Typical overall yields of solid, liquid, and gas products and the concentrations of
various compounds in a red oak bio-oil derived from pyrolysis at 500 ◦C in a fluidized bed
reactor. Data adapted from Choi et al. [75]





































economics of biomass pyrolysis and upgrading would be significantly improved. Also, by per-
forming the same unit operations in the refining, a similar product could be obtained allowing
for its immediate use as a fuel or chemical. This would avoid having to perform extensive and
costly acceptance and compliance testing or having to develop new engine technologies if a new
fuel was produced.
However, the undesirable characteristics mentioned above make bio-oil difficult to process
in a conventional petroleum refinery. To co-process bio-oil with petroleum and utilize existing
infrastructure, bio-oil must be upgraded so that undesired properties are addressed. Bio-
oil upgrading processes, including bio-oil hydrotreating, zeolite cracking, and pyrolysis vapor
deoxygenation, have been reviewed recently in the literature [76, 77, 78, 79]. In this perspective,
we compare the most common methods for upgrading the products of biomass pyrolysis. For
each upgrading approach, we first highlight recent work using traditional refinery catalysts and
then we summarize novel catalytic systems that have been reported in the literature.
Upgrading Strategies for Refinery Integration
The purpose of upgrading bio-oil is to address the detrimental properties of the as-produced
bio-oil. Upgrading could be performed selectively by focusing primarily on one target class of
molecules to remove or convert. For instance, the carboxylic acids could be selectively removed
from the pyrolysis vapor stream using a calcium carbonate adsorbent [80]. More advanta-
geously, however, would be to aim for total or near total oxygen removal through hydrodeoxy-
genation (HDO). Completely or significantly removing oxygen from the bio-oil would eliminate
most of the adverse properties. Since bio-oil contains very low amounts of nitrogen and sul-
fur [18], complete oxygen removal would give a hydrocarbon product without the need for
further hydrodenitrogenation or hydrodesulfurization processing. This hydrocarbon product
would not posses the negative characteristics of the raw bio-oil; in that, a deoxygenated bio-oil
would be miscible with petroleum, non-corrosive, have a higher heating value, lower viscosity,
and greater chemical stability.
The removal of oxygen can occur via three main routes: decarbonylation (removed as
CO), decarboxylation (CO2), and dehydration/condensation (H2O). Several example reaction
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Figure 1.1: Example reactions that occur in the deoxygenation of biomass pyrolysis products.
schemes are illustrated in Figure 1.1, while others can be viewed in the literature [79, 81].
There are also other reactions that will occur during the HDO process. For instance, along
with hydrodeoxygenation there may also be cracking or hydrocracking of longer chain length
molecules into shorter chain lengths, dealkylation, dealkoxylation, methyl transfer, and hydro-
genation among others [79, 81]. With aromatic reactants, deoxygenation could occur through
direct hydrogenolysis of the Caromatic-O bond (sometimes referred to as direct deoxygenation),
or there may be an initial ring hydrogenation followed by deoxygenation to give a cyclohexyl
product [79].
When comparing the various deoxygenation routes, the other necessary inputs or losses
must be considered. Removing oxygen as CO and CO2 will result in a higher loss of carbon, re-
ducing the potential hydrocarbon product yield. Removing oxygen as water will retain carbon,
but hydrogen will be consumed in the process. A particularly useful route would be to remove
oxygen as water leaving unsaturated products (alkenes and aromatics). Thereby, both the
hydrocarbon yield and hydrogen efficiency would be maximized and carbon loss and hydrogen
consumption minimized. In addition, alkenes and aromatics are higher value commodity chem-
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icals than the saturated alkanes and cycloalkanes used in fuels. Consequently, obtaining alkenes
and aromatics would beneficially improve the economic feasibility of hydrodeoxygenation.
Table 1.3: Bond dissociation energies (BDEs) of different C-O bonds found in bio-oil. Data
adapted from Prasomsri et al. [82]






Performing this hydrodeoxygenation, however, remains a difficult obstacle due to the rela-
tive strengths of the C-O bonds found in bio-oil (Table 1.3). It can be seen that aromatic C-O
bonds as well as carbonyls pose a particularly tough challenge. If the aromatic ring is first sat-
urated with hydrogen, then C-O bond cleavage becomes more facile. Although by saturating,
hydrogen consumption will increase and the products obtained will be cyclohexyl molecules
rather than aromatics. Saturation with hydrogen would likely be less viable economically due
to the increased cost of hydrogen and the production of less valuable chemical intermediates.
These crucial demands of the catalyst, where it must be able to break carbonyl C=O bonds
and aromatic C-O bonds without the need for ring saturation, are a major hurdle that requires
novel catalytic systems.
Fast Pyrolysis and Upgrading Pathways
Two main strategies have been investigated in the literature for upgrading bio-oil through
HDO thereby transforming it into a more stable and petroleum-compatible liquid (Figure 1.2).
Generally, the biomass feedstock is first pretreated before being fed to the pyrolysis reactor.
Typical pretreatment methods involve drying to reduce moisture content, milling or grinding
to reduce particle size, water or acid washing to remove inorganic metals, or separating the
biomass constituents (cellulose, hemicellulose, and lignin) [18, 23, 46]. The pretreated feedstock
is then pyrolyzed in the presence of an inert heat carrier gas, hydrogen, and /or a catalyst. Many
different reactor designs, configurations, and processes have been investigated and reviewed in
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the literature [18, 26, 27, 76]. Post pyrolysis, the solids and char are removed through cyclones
or hot gas filters with the vapors being swept to the next unit operation.
Figure 1.2: Possible upgrading routes for converting biomass pyrolysis products into hydrocar-
bons for use as fuels and chemicals.
Condensation into Bio-oil
In the first upgrading strategy, the pyrolysis vapors are condensed into a bio-oil (top route
in Figure 1.2). The bio-oil can be kept whole or be phase separated into nonpolar organic
and water-soluble polar fractions. By reaction with hydrogen, the bio-oil or a phase-separated
fraction can be mildly hydrotreated to produce a stabilized liquid, or with harsher hydrotreat-
ing conditions, can be converted into hydrocarbons. By condensing the pyrolysis vapors, a
liquid intermediate is produced that is able to be stored until further processed. The liquid
intermediate is also more easily transported over longer distances than the original, low-density
biomass feedstock. To that end, producing a liquid intermediate could be used in a ‘hub and
spoke’ type system. In this system, many smaller, regional pyrolysis units convert biomass into
bio-oil, which is then transported to a larger, centralized facility where the bio-oil streams could
be combined and hydrotreated. However, bio-oil can ‘age’ during storage, which can lead to
the viscosity increasing and spontaneous phase separation [18, 31, 32, 33]. Thus, if the bio-oil
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will be stored for prolonged periods of time or at elevated temperatures, a mild hydrotreatment
may be needed to prevent or minimize the aging reactions.
Vapor Phase Deoxygenation
Another viable route for generating upgraded bio-oil would be to upgrade the pyrolysis
vapors before condensation (bottom route in Figure 1.2). Upgrading the vapors can be ac-
complished through two different methods: in situ catalytic fast pyrolysis or ex situ vapor
phase catalysis. During in situ catalytic fast pyrolysis, the catalyst and feedstock are simulta-
neously added to the pyrolysis reactor with the pyrolysis vapors being deoxygenated as they
are produced. This type of pyrolysis could be carried out with a co-feed of hydrogen to give
hydrodeoxygenated products, or in an inert atmosphere for catalytic cracking. In ex situ cat-
alytic upgrading, the feedstock is first pyrolyzed and after removal of the solids by a cyclone or
filters, the vapors are passed through a second reactor containing the deoxygenation catalyst.
Upgrading in situ has the advantage of being more process intensive by only requiring a single
reactor, however with ex situ upgrading the temperature, pressure, or other reaction param-
eters can be independently controlled allowing for each reaction step to be carried out under
different operating conditions.
Condensed Bio-oil Upgrading
Initial hydrotreating work performed in the 1980s quickly found a single-stage, higher tem-
perature (>300 ◦C) hydrotreatment was unsuitable for bio-oil upgrading [78]. The higher
temperature caused significant coking and heavy tar plugging in the reactor system. Using a
two-stage hydrotreatment with a lower temperature first step (275 ◦C) followed by a second,
higher temperature step (350 ◦C) and a CoMo catalyst, a more stable bio-oil was obtained with
a significantly lower oxygen content of 2.3%. However, even with a two-stage hydrotreatment,
the bio-oil feed was still prone to coking at the interface between the low and high temperature
zones leading to reactor plugging after longer time on stream (TOS) [83]. Adding a pretreat-
ment at 80 ◦C or 140 ◦C over a Ru/C catalyst allowed for the higher temperature two-stage
hydrotreatments to be operated for a longer TOS as compared to when the feed bio-oil was
not pretreated. The decrease in plug formation was attributed to a reduction in carbonyls and
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sugars after the pretreatment. A low temperature (21 ◦C) and low pressure (atmospheric) hy-
drogenation of corn stover and red oak-derived pyrolytic phenolics was performed over a Pd/C
catalyst [84]. Qualitatively, the carbonyl groups were found to be reduced to alcohols, while
vinyl species were saturated to aliphatics. Although, product was not tested to see if a more
stable bio-oil was formed that was less prone to polymerization during further hydrotreating.
The predominant functional groups that are thought to be prone to polymerization and
are responsible for reactor plugging are mainly present in the lignin-derived phenolics. A
fractionated, phenolic bio-oil, consisting of these higher boiling point, water insoluble reactive
compounds was deoxygenated using three different catalyst combinations [85]. The catalyst
configurations included a single high temperature stage with either a Pd-Re/C catalyst at 350
◦C or a CoMoS/Al2O3 catalyst at 400 ◦C, or a two-stage hydrotreatment with Ru/C operated
at 140 ◦C followed by Pd/C at 370 ◦C. In almost every case, the reactor lines were plugged or the
catalyst bed was fouled over the course of the hydrotreating. The only catalyst configuration
that was found not to foul was the two-stage Ru/C and Pd/C process, but only when a lower
liquid hourly space velocity (LHSV) was used. This same catalyst system when used at a
higher LHSV resulted in plugging of the feed line after 24 hr TOS. When the reactors were
operational, the liquid product from the hydrotreater did contain significantly lower oxygen
content. The red oak-derived phenolic oil feed initially contained ∼22 wt.% oxygen, which was
reduced to 5 wt.% or less after catalytic treatment. Also, about 70-80% of the carbon was
maintained in the liquid and not lost as coke or CO/CO2.
Vispute et al. employed a three-step process to hydrogenate and upgrade a crude white
oak bio-oil and the water-soluble fraction from a pinewood bio-oil [86]. The process involved
an initial two-stage hydrotreatment, the first at lower temperature (125 ◦C) over a Ru/C
catalyst, and the second at a higher temperature (250 ◦C) over a Pt/C catalyst. Finally, the
third step involved upgrading over a ZSM-5 zeolite catalyst. The hydrotreating steps were
carried out under high pressure, 1500 psi H2, while the zeolite upgrading was conducted under
atmospheric pressure. Using the three-step upgrading process on the water-soluble fraction,
a hydrocarbon yield of 76 C% was obtained that included 15 C% of C1-C6 alkanes, 18 C%
aromatics, and 43 C% alkenes. In addition, 23% of the carbon was converted into CO, CO2,
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and coke. In comparison, when the whole bio-oil was treated using the Ru/H2 + zeolite
process, the hydrocarbon yield was about half that of the water-soluble fraction yield, while
the CO/CO2 and coke yields were double. Since the process was carried under high pressures
(1500 psi), it would be less economical than using low- or atmospheric pressures of H2. Also,
a phase separation step would be needed to obtain the water-soluble fraction for upgrading, as
well as separate processing stages for the water-insoluble fraction.
Zacher et al. also used a Ru/C catalyst in the first hydrotreatment stage and a CoMo/C
catalyst for the second stage, with both catalysts sulfided in situ before the reaction [87]. The
first step was carried out at 170 ◦C and the second step at 405 ◦C, with the operating pressure
in both stages at 2000 psi. At earlier TOS of 11-14 hr., near total deoxygenation was achieved
with the oxygen content being 0.1 to 0.3 dry wt.%. As TOS increased to 51 hr, the oxygen
content in the product increased to 2.4 dry wt.% due to the presence of unconverted phenolic
compounds. It was not mentioned if the catalysts were continuously sulfided during reaction,
or if the drop in activity was associated with either a loss of sulfur or through some other
means, such as coking.
A more extensive review of bio-oil hydrotreating work can be found in the recent liter-
ature [78, 88]. Though in summary, it can be seen that upgrading condensed bio-oil poses
significant challenges. Multiple stages were required, including a discretionary phase separa-
tion step, an initial lower temperature hydrotreatment, a higher temperature hydrotreatment,
as well as other possibilities, e.g., feed pretreatment or hydrocracking over zeolites. With each
hydrotreating step, high pressures of >1000 psi were generally employed. In some cases, large
amounts of carbon were lost as coke or CO/CO2 resulting in low oil yields. The reactivity of
some compounds in bio-oil could also polymerize and plug the hydrotreating reactor leading
to large pressure drops and reactor downtime. Also, the use of noble metal catalysts could be
cost-prohibitive while the use of a sulfided catalysts would require a co-feed of H2S to maintain
the sulfide phase and catalyst activity. Even though bio-oil deoxygenation and stabilization
could be achieved, the hydroprocessing of condensed pyrolysis oil still poses many challenges
that require further investigation.
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Vapor Phase Deoxygenation with Common Refinery Catalysts
An alternative to hydrotreating of condensed-phase bio-oil would be to upgrade the vapors
prior to condensation. Common refinery catalysts, such as zeolites or other silica alumina
catalysts, have been studied for HDO efficacy with biomass-based pyrolysis vapors.
A Na/H faujasite (FAU) zeolite, Na0.2H0.8-FAU, was found to generate the greatest de-
gree of deoxygenation and highest hydrocarbon yields relative to H-FAU and Na-FAU zeolites
in the deoxygenation of pinewood pyrolysis vapors [89]. The degree of deoxygenation given
by the Na0.2H0.8-FAU catalyst was attributed to its enhanced rate of decarbonylation and
decarboxylation, while the higher hydrocarbon yields were likely aromatics derived from the
deoxygenation of the lignin-derived phenolic compounds. Also, an increase in the H content of
the catalyst was found to be coupled with increased solid yields and decreased liquid yields.
Using H-ZSM-5 zeolite, Wang et al. obtained a maximum∼30 C% aromatic yield in cellulose
catalytic fast pyrolysis, but aromatic yields were lower when using other feedstocks [90]. That
is, the aromatic yield from hemicellulose was ∼20 C%, while the yield from lignin was <10
C%. High yields of coking were also observed. From cellulose and hemicellulose ∼20-60 % of
the carbon was lost as coke, while from the lignin, the coking was much more dramatic, 60-80
C%. Also, for all feedstocks examined the production of CO and CO2 was enhanced with the
catalyst. With whole biomass (switchgrass) as the feed the trends are similar as before, in
which low yields of hydrocarbons (26.8 C%) were produced along with noticeable yields of CO,
CO2, and coke (51 C% total). When the catalyst was placed ex situ of the pyrolysis reactor,
the aromatic yields were decreased and CO and CO2 yields were increased from a poplar feed
and a catalyst bed temperature of 700 ◦C [91]. Conversely, alkene yields were increased and the
total char and coke yield was decreased. In total, the hydrocarbon yield was slightly greater
when using the ex situ catalytic reactor. Other researchers have reported similar trends of low
aromatic yields (<30 C%) with noticeable coking (∼30 C%) and CO/CO2 (∼20 C%) formation
using H-ZSM-5 in cellulose or biomass catalytic fast pyrolysis [92]. Modifying the structure of
the zeolite to examine the influence of pore size and shape selectivity, found aromatic yields
to be highest within a pore size range of 5.2-5.9 A˚ [93]. Within this size range, ZSM-5 and
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ZSM-11 gave the highest aromatics yield, which was attributed to their having a moderate
steric hinderance and pore spacing. The smaller pore zeolites did not produce any aromatics,
while larger pore zeolites generated a high degree of coking (up to 85 C%) at the expense
of low aromatic yields. In addition to coke formation, ZSM-5 deactivation could also occur
through dealumination of the zeolite framework [94, 95, 96]. Upgrading the aqueous fraction of
a sawdust bio-oil, found the HZSM-5 zeolite to undergo irreversible deactivation after successive
reaction-regeneration steps [96]. The deactivation was the result of a sharp decrease in acidity
with the acidity decreasing to a greater degree at higher reaction temperature and higher water
content in the reactant stream.
ZSM-5 has been used as a support for Ni and Co ex situ catalytic upgrading in beech wood
pyrolysis [97]. As the metal loading was increased from 1-10%, there were decreases in catalyst
surface area, average pore size, micropore volume, and total acidity. The metal-containing
as well as the metal-free ZSM-5 catalysts reduced the oxygen content of the bio-oil organic
fraction from 40% down to 20-30%. The tradeoff, however, was that the total yield of the
organic fraction also decreased from about 37% without catalyst to 10-20% with a catalyst. In
turn, a reduction of the organic phase yield was coupled with increased aqueous phase and gas
yields. While the gases fraction was CO and CO2, the gases fraction did include C1-C6 alkanes
and alkenes, but their yields were low (about 5-10%).
Various zeolites and Pt-loaded zeolites were used for deoxygenation in the oxidative pyrol-
ysis of cellulose [98]. In general, zeolites suffered from rapid deactivation due to coking, so by
co-feeding O2 and H2 in the reaction gas mixture the coke could be removed from the catalyst
through oxidation to COx or hydrogenation to hydrocarbons, which appeared to prolong cat-
alyst activity. However, a drawback was that cellulose pyrolysis products were also oxidized.
Without catalyst, the CO and CO2 yield was nearly 50 C%. In the presence of catalyst, the
CO/CO2 yield was as high as 75 C%. The conversion of the cellulose pyrolysis vapors was gen-
erally <25 C%, while the yield of oxygenates was typically 15-40 C%. Some of the catalysts,
in particular the Pt-loaded zeolites did significantly reduce the yield of oxygenated compounds
to <10 C% as compared with the non-Pt-loaded zeolites.
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Zabeti et al. tested various alkali and alkaline earth metals loaded onto amorphous silica
alumina (ASA, 12:1 SiO2:Al2O3) for their deoxygenation performance [99]. All of the tested
catalysts caused a decrease in organics yield and increases in gas (CO/CO2) and water yields,
as well as a small amount of coke formation (3.5-8.3 wt.%). The alkali metal-based catalysts,
Na/ASA and K/ASA, gave the greatest degree of decarboxylation to form CO2, while Cs/ASA
had the highest rate of decarbonylation and dehydration to form CO and H2O, respectively.
However, the degree of deoxygenation was modest in every case as the higher heating value
(HHV) of the bio-oil only moderately increased to 20-24 MJ/kg from 18.9 MJ/kg for the case
without a catalyst. A 60 wt.% Al2O3 amorphous silica alumina catalyst (ASA-60) was reported
to generate 8.5% hydrocarbons from the vapor products of pinewood pyrolysis [100]. Loading
10 wt.% of Cs onto the ASA-60 increased the hydrocarbon yields to 21.3%. However, yields
were reported on a TIC peak area basis and not in terms of a carbon yield or total mass yield.
The yields for other products including gases and solids (char and coke) were not reported,
so it is unknown what portion of carbon in the feedstock was converted into hydrocarbons.
In a following study, aromatic products were found to be predominately formed from lignin,
while the aliphatic yields were similar among cellulose, hemicellulose, and lignin [101]. It
was also found that hydrocarbon yields were increased when a mixture of model compounds
was passed over the catalyst bed instead of an individual model compound, suggesting an
interaction between compounds may play a role in hydrocarbon formation. Nguyen et al.
supported Na2CO3 on γ-Al2O3 for use in the deoxygenation of the product vapors in pinewood
pyrolysis [102]. The catalyst was able to produce a liquid with an organic fraction containing
nearly 20% hydrocarbons. However, the organic fraction was only 9 wt.% of the total yield
from the feedstock. The remaining mass was converted mainly into char and coke (34 wt.%
total), gas (23 wt.%), and water (22 wt.%). Despite its low yield, the organic phase bio-oil did
posses similar properties to that of fuel oil.
Even though zeolites along with other types of petroleum hydrotreating catalysts have been
found to produce low to moderate hydrocarbon yields, these catalysts also created a relatively
high loss of carbon in the form of coke and CO/CO2, and suffered from deactivation due
to coking or loss of acid sites, and poor long-term hydrothermal stability. Due to the stark
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Table 1.4: A comparison of bio-oil and fuel oil properties. Data adapted from Zacher et al. [88]
Property Bio-oil Fuel Oil
C (dry wt.%) 56 85
H (dry wt.%) 6 11.1
O (dry wt.%) 38 1
Water 20-30 <0.1
Solids & Ash 0.01-0.2 0.01
Specific Gravity 15 ◦C 1.10-1.30 0.89
Viscosity (Pa.s) 40 ◦C 15-35 3-8
LHVa (MJ/kg) 13-18 40
pH 2-3 7
aLHV = Lower Heating Value
contrasts in petroleum and bio-oil feedstocks (Table 1.4), it should not be surprising that the
established petroleum-based catalysts in their current form may not the ideal catalysts for
deoxygenating biomass-derived molecules. However, the knowledge behind their development
is likely very valuable, which may aid in developing and tailoring these catalysts in order to
effectively deoxygenate lignocellulosic biomass. On the other hand, since biomass is a relatively
new and distinct feedstock, the development of novel catalysts and catalytic approaches may
be required instead.
Vapor Phase Deoxygenation with Novel Catalysts
In the literature, the effectiveness of novel catalysts for vapor phase HDO is generally
investigated using bio-oil model compounds. The use of model compounds allows the reaction
system to be greatly simplified relative to testing whole bio-oil. Also, with model compounds,
a single reaction pathway or chemical transformation can be isolated and studied directly.
Conversely, the use of model compounds will not reveal any interactions involving all of the
compounds within whole bio-oil. A recent review summarized vapor phase model compound
HDO work using transitional metal sulfides, carbides, nitrides, and phosphides, and noble metal
catalysts [79]. In this section, we will survey recent work using pyrolysis vapors as the feed as
well as highlight interesting work involving bio-oil model compounds.
Much research has been centered on screening catalysts for deoxygenative ability. Cat-
alyst types tested include acids, bases, acid-base bifunctionals, noble metals, and transition
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metal catalysts. Typical acid catalysts comprise zeolites or other silica aluminas and have been
discussed previously. Although, other acid catalysts have been tested, such as a SO2−4 /ZrO2
strong acid [103]. In the deoxygenation of cellulose pyrolysis vapors, the strong acid was
found to greatly promote dehydration reactions, particularly levoglucosan dehydration to lev-
oglucosenone. In contrast, basic catalysts, i.e., CaO or MgO, were found to more promote
fragmentation reactions to form low molecular weight products rather than promoting dehy-
dration reactions. A physical mixture of acid and base catalysts (strong acid and MgO) resulted
in intermediate yields of dehydration products and low molecular weight products as compared
with acid or base catalysts separately. The greatest degree of deoxygenation, however, was seen
with a mixed metal oxide mineral, serpentine, that exhibited acid-base bi-functionality. Raw
serpentine only slightly reduced the oxygen content of the liquid bio-oil to 47% from ∼49% in
the catalyst-free case. Treating the serpentine with 1 M H2SO4 to modify the catalyst surface
increased the activity of the catalyst for deoxygenation. After the H2SO4 treatment, a liquid
product was produced containing 35% oxygen. However, the total carbon yield of the product
was greatly reduced. In the control case, about 80% of the carbon was transformed to liquid,
but in the presence of the acid-treated serpentine, only 35-40% of the carbon was converted to
liquid products. In turn, the catalyst generated higher yields of CO, CO2, and char/coke.
Noble metal catalysts have been a popular choice due to their high activity for hydrodeoxy-
genation reactions. Nie et al. found toluene to be the major product in the hydrodeoxygenation
of m-cresol over Pt/SiO2 [104]. Even though the ring-saturated molecules, 3-methylcyclohexanone
and 3-methylcyclohexanol, were found to exist in an equilibrium with m-cresol, the ring-
saturated, deoxygenated product, methylcyclohexane, was observed in very low yield. Thus,
the dehydrogenation/hydrogenation of the reactant and intermediates was postulated to oc-
cur at a faster rate than the deoxygenation. A similar product distribution was observed with a
Pd/ZrO2 catalyst, where toluene was the major product at 87.9% selectivity, 3-methylcyclohexanone
was the minor product at 12.1% selectivity, and 3-methylcyclohexanol was not observed [105].
When the Pd was supported onto SiO2, the hydrogenation product 3-methylcyclohexanone
was favored. The selectivity towards 3-methylcyclohexanone was 64.9% while the selectivities
towards the other products was 27.3% to toluene and 7.7% to 3-methylcyclohexanol. Toluene
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was also a major product with a Ru/SiO2 catalyst with a selectivity of 38.5% [106]. However,
the Ru/SiO2 was also found to catalyze the cleavage of C-C bonds giving methane as another
major product (43.4% selectivity).
Guaiacol is a common model compound used in the literature to investigate catalyst for
lignin hydrodeoxygenation. Gao et al. synthesized and tested four carbon-supported noble
metals: Pt, Pd, Rh, and Ru [107]. Pt was found to be the most active and stable at 300 ◦C,
as guaiacol conversion was around 90 % and did not decrease with reaction time as was seen
with the other metals. The major products included phenol, catechol, and cyclopentanone. A
proposed reaction scheme included the methoxy group of guaiacol undergoing to hydrogenolysis
to form methane and catechol. Further reaction was through decarbonylation and demethy-
lation of catechol, although the guaiacol was also converted to cyclopentanone. Phenol was
produced through the demethoxylation of guaiacol or dehydration of catechol. Among differ-
ent supported Ru catalysts, TiO2 was found to give the highest activity, being more active than
carbon, Al2O3, and SiO2 [108]. A variety of products was obtained ranging from di-oxygenates
(catechol, dimethoxybenzene) to mono-oxygenates (phenol, anisole, cresol) to aromatics (ben-
zene, toluene, xylene). The TiO2 support produced the greatest amount of totally deoxygenated
products, with the yields reaching 60 mol% at the highest metal loadings tested. Pt, Rh, and
Ni metal and metal phosphide catalysts were supported on silica and tested at 350 ◦C [109].
The nanoparticle-Rh2P/SiO2 catalyst was most able to cleave the CAromatic-OH bond, yielding
the highest selectivities towards anisole and benzene. By extension, this catalyst, along with
nanoparticle-Ni/SiO2, was able to lead to the largest decrease in organic phase oxygen content.
A Ru/TiO2 catalyst has also been used to deoxygenate vapors from the pyrolysis of switch-
grass and red oak [110]. In general, the yields of H2O, CO, and CO2, methane, and ethylene
were increased, while the total liquid yield was slightly decreased. In the presence of the cat-
alyst, a phase separated liquid was obtained in which the organic fraction was 16.1 wt.% of
the feed and contained a much lower oxygen content than in the water-soluble fraction or in
the non-catalytically produced bio-oil. Aging studies were performed to examine the stability
of the catalytically produced oil. Untreated bio-oil undergoes further reactions during stor-
age that are manifest as increases in viscosity, water content, and average molecular weight.
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The catalytic bio-oil was observed to be much more stable than the non-catalytic oil, since
the increases in viscosity, water content, and MW were much less dramatic for the upgraded
bio-oil.
These studies demonstrated that noble metal catalysts are active in vapor phase deoxy-
genation. Although, further work will be needed to evaluate their efficacy in moving from
deoxygenating model compounds to pyrolysis vapors from whole biomass. It should also be
noted that the cost of noble metals could impact their potential industrial use.
HDO over Transition Metal Catalysts
Transition metal oxide-based catalysts have been commonly used to catalyze selective ox-
idation reactions [111]. For example, the oxidation of methanol to formaldehyde is performed
over an iron molybdate catalyst, while bismuth molybdate is used in propylene oxidation to
acrolein or ammoxidation to acrylonitrile. It has been proposed that these oxidation reactions
proceed through a redox Mars-van Krevelen mechanism [111, 112]. In the first step of the
mechanism, reaction occurs between an oxidized catalyst (Cat-O) with the hydrocarbon reac-
tant (R) to give an oxidized hydrocarbon (R-O) and reduced catalyst (Cat). In the second
step, the catalyst is oxidized by O2 to return to its initial state (Cat to Cat-O). The activity
and selectivity of the oxide catalyst lies in its ability to donate oxygen. If the catalyst can
readily donate oxygen and is easily reducible, then the catalyst will be active but not selective.
Conversely, if the metal-oxygen bond is strong in the oxide catalyst, the transfer of oxygen to
the reactant will be slow and the catalyst will exhibit low activity. Within the intermediate
range, a metal oxide catalyst may show moderate activity and potentially be more selective.
Through the principle of microscopic reversibility, these metal oxide catalysts that are active
for oxidation reactions may also be active in hydrodeoxygenation reactions. In this case, the
catalyst would first be reduced in a H2 atmosphere and then reoxidized by reaction with an
oxygenated reactant.
Prasomsri et al. screened five reducible metal oxides for HDO ability: V2O5, Fe2O3, CuO,
WO3, and MoO3 [82]. Using acetone HDO as a probe reaction, it was found that MoO3 gave
the highest activity and selectivity to hydrocarbons. The MoO3 catalyst was then extended
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for use with other biomass-derived model compounds including other ketones (2-hexanone
and cyclohexanone), furanics (2-methylfuran and 2,5-dimethylfuran), and an aromatic lignin
model compound (anisole). In every case, the MoO3 catalyst was able to yield oxygen-free
hydrocarbons at selectivities >97%. Remarkably, the hydrocarbon products were reported to
be unsaturated alkenes and aromatics with no saturated products and only a minor amount
of carbon lost as coke (<1 C%). Also of note, is the main product hydrocarbons contained
the same number of carbon atoms as the initial reactant, suggesting that selective C-O bond
cleavage occurred without significant C-C bond cleavage.
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Figure 1.3: The reverse Mars-van Krevelen mechanism as a proposed hydrodeoxygenation mech-
anism of oxygenated molecules over a reducible metal oxide catalyst. Adapted from Prasomsri
et al. [82]
The hydrodeoxygenation reaction was proposed to occur through a reverse Mars-van Krev-
elen mechanism (Figure 1.3). The catalyst was first reduced by H2 to form water and an
uncoordinated metal site. The vacant site would facilitate the removal of an oxygen atom from
the reactant oxygenate. The catalyst would then be regenerated by reduction again by H2 to
complete the catalytic cycle. It was proposed that Mo5+ was the active state for the HDO
reaction with Mo6+ and Mo4+ being inactive in the reaction. X-ray diffraction (XRD) and
X-ray photoelectron spectroscopy (XPS) experiments showed a change in the crystallinity and
metal oxidation state of the molybdenum oxide from the reduction and also over the course of
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the reaction run [113]. It was found that the bulk phase of the catalyst transitioned from MoO3
to MoO2 after longer reduction pretreatments or after reaction. XPS measurements found the
metal oxidation to change from totally Mo6+ to a mixture of Mo6+, Mo5+, and Mo4+, with the
proportion of Mo4+ being greatest at the highest reaction temperature. Also, after reaction,
the bulk structure of the used molybdenum oxide catalyst was found to contain predominately
MoO2 and oxycarbohydride (MoOxCyHz). It was postulated that the formation of the oxy-
carbohydride phase slowed the reduction to the Mo4+ state, thereby leading to a prolonged
activity.
The reduction to the Mo4+ state was presumed to be the method of deactivation of the
catalyst. At high temperature (400 ◦C), the catalyst was found to rapidly deactivate. XRD
and XPS studies determined the catalyst to be mainly composed of Mo4+, even after only 0.5
hr TOS. At lower temperature (320 ◦C), the rate of deactivation was less, and through XRD
and XPS analysis, the transition from Mo6+ to Mo4+ was observed to be slower. The original
activity of the catalyst could be restored through a calcination step in air or pure O2. However,
more reduction/reaction/calcination cycles would be needed to test the regenerative ability of
the catalyst after many cycles. Supporting MoO3, particularly onto TiO2 or ZrO2, improved
the catalyst stability and reactivity for the HDO of m-cresol [114]. It was found through XPS
analysis that the support stabilized the proposed active states (Mo5+ and Mo3+) while the
unsupported Mo more readily reduced to the less reactive oxidation states, Mo4+ and Mo0
oxidation states. Using γ-Al2O3 or SiO2 led to higher coke formation, which was attributed
to the presence of acid sites on the support surface. The lowest activity was observed with
MoO3/CeO2 due to the facile transport of oxygen through the bulk CeO2 to the Mo phase.
XPS analysis of the used catalyst showed the majority of the Mo species to be in the fully
oxidized state (Mo6+).
Bhan et al. have found molybdenum carbide to be active in the HDO of three different bio-
oil model compounds, acetone, furfural, and anisole, under reaction conditions of atmospheric
pressure and moderate temperature (150 ◦C-250 ◦C) [115, 116, 117]. Acetone HDO was pro-
posed to occur through an isopropanol intermediate to yield propylene and propane [115]. The
first step involved hydrogenation of acetone to isopropanol over metallic sites through a rapid
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convergence to an equilibrated state. The second step involved the acid-catalyzed dehydration
of isopropanol into propylene over Bronstead acid sties. From kinetic isotope effect experi-
ments, it was hypothesized that the scission of a carbon-β-hydrogen bond in the dehydration
of isopropanol was the rate determining step. The product of the dehydration, propylene, was
then found to hydrogenate to propane over metallic sites. The degree of oxidation and reduc-
tion of the catalyst was found to affect the dehydration and hydrogenation steps in the reaction
pathway. Co-feeding O2 with the reactant stream was found to promote the dehydration of iso-
propanol to propylene, but the hydrogenation of acetone to isopropanol was greatly inhibited.
When using an initial activation step in a H2 atmosphere at 500
◦C, the resulting HDO rate
was found to dramatically decrease as the activation time was increased. It was postulated that
H2 activation removed oxygen moieties on the catalyst surface, thereby decreasing the acid site
density and increasing metallic site density. Therefore, it can be seen that in this system the
bi-functionality of the catalyst and the relative strengths and densities of the acid and metallic
sites were important for the HDO rate of acetone to propylene and propane.
With furfural, the Mo2C catalyst was observed to be very selective for C=O bond cleavage
to form 2-methylfuran (2MF) versus C-C bond cleavage (decabonylation) to form furan [116].
The selectivity towards 2MF was 55-70% while furan selectivity was <1%. Other major prod-
ucts included C10+ compounds (∼30% selectivity) and furfuryl alcohol (<10%). For anisole
deoxygenation, the major product was found to be benzene, with a selectivity of >90% [117].
A very low selectivity to phenol (<1%) indicated the catalyst was more active towards the
demethoxylation of anisole rather than its demethylation. A negligible amount of alkylation
was observed as the selectivities to toluene and styrene were low (<2%). Cyclohexane was
observed in a noticeable but not significant yield (<9%). Cyclohexane selectivity decreased
as the reaction temperature increased, which was proposed to be due to an increased benzene
desorption rate as well as the presence of oxygen on the catalyst surface causing the Mo2C to
be inactive for hydrogenation. Similar results were obtained when a feed mixture of anisole,
m-cresol, guaiacol, and 1,2-dimethoxybenzene was used [118]. In this case, benzene and toluene
were produced at high selectivity (combined >90 %), while a small amount of the saturated
products, cyclohexane and methylcyclohexane, were also formed at <10 %.
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2-methylfuran and benzene formation rates were found to be independent of the reaction
pressure or extent of conversion for furfural and anisole, respectively [116, 117], indicating
the surface was covered with furfural or anisole-derived intermediates and the products had
negligible reaction inhibition. The apparent activation energy was found to be invariant with
furfural or anisole pressure or conversion, indicating that catalyst deactivation was due to a
change in the number of active sites and not their chemistry. The reaction order for H2 was
found to be ∼0.5 for both furfural and anisole deoxygenation. Hydrogen has been proposed
to undergo dissociative adsorption on distinct sites from the adsorption of CO or other oxy-
genates [116, 117, 119].
The molybdenum carbide catalysts were found to ‘age’ [116]. That is, over time with expo-
sure to air during passivation and while sitting on the bench-top, the surface area, pore volume,
and the number of CO uptake sites of the catalyst were found to noticeably decrease with time.
During experiments, the presence of oxygenated reactants also caused a portion of the active
sites to be irreversibly lost and unable to be regenerated through treatment with H2. However,
XRD analysis did not find the oxygen to be present as an oxide or oxycarbide, although, the
presence of these phases were be precluded. Even though a bulk oxide or oxycarbide phase were
not detected, it was postulated that surface and sub-surface oxidation of the Mo2C was one of
the mechanisms of catalyst deactivation. In fact, in a later study XPS was used to examine the
effect of passivation on the Mo2C surface [120]. No Mo
2+ was detected. Instead, about half of
the molybdenum was fully oxidized to Mo6+ (51%) and the remaining was partially oxidized
to Mo4+ (23%) and Mo3+ (26%).
By using an oxygen treatment during anisole deoxygenation, a decrease in the benzene syn-
thesis rate by one-third was observed [121]. However, there was no change in product selectivity,
apparent activation energy of the benzene formation, or turnover frequency, which suggested
the presence of oxygen reduced the number and not chemistry of active sites. The calculated
benzene synthesis rate was ∼10 times greater over Mo2C than for bulk MoOx, indicating the
active sites under the experiment reaction conditions were linked with molybdenum carbide
and not the bulk oxide. In a subsequent work examining isopropanol dehydration, the product
distribution was found to change with and without an oxygen co-feed [120]. In the absence of
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oxygen, the catalyst showed metallic and alkaline activity by promoting dehydrogenation and
carbonyl condensation reactions to form acetone and C6+ products. The presence of oxygen
repressed the metallic and alkaline activity and, in turn, promoted the acidic dehydration of
isopropanol to propylene and di-isopropylether. The acidity appeared to be entirely Bronsted
in nature as determined by 2,6-di-tert-butylpyridine titration.
Various Mo catalysts supported on TiO2 were tested at 350-450
◦C and 360 psi in the con-
densed phase HDO of phenol [122]. The Mo2C and and MoO3 catalysts were found to be the
most active and gave the highest conversion of phenol. With all of the catalysts, benzene was
the major product, obtained at selectivities generally around 90%. Minor products included
hydrogenation products cyclohexene, cyclohexane, and methylcyclopentane, although, no cy-
clohexanone or cyclohexanol were observed, indicating the reaction likely proceeded through
a direct hydrogenolysis of the CAromatic-O bond, rather than ring hydrogenation followed by
deoxygenation.
A high pressure hydropyrolysis reactor was used and examined for ex situ HDO by Venkatakr-
ishnan et al. [123]. In the base case, catalyst-free experiments, similar product distributions
were obtained at various partial pressures of H2, N2, and He when compared at the same total
pressure (400 psi or 800 psi) and temperature (480-580 ◦C). When examining the effect of total
pressure and temperature, it was found that for increasing reactor pressure or temperature
there was a decrease in the liquid yield, which was coupled with increased char and gas yields.
An initial screening of catalysts (Al2O3, Ru/Al2O3, and Pt/Al2O3) was performed in order
to find their effectiveness towards deoxygenation. The Al2O3 had only a minor effect on the
product distribution. The Ru/Al2O3 and Pt/Al2O3 catalysts gave larger yields of gases at the
expense of liquid products, with the Ru affording more methane (∼10 wt.%) and the Pt yielding
more CO (∼25 wt.%). In more recent work, cellulose and poplar wood pyrolysis vapors were
deoxygenated over a Pt-Mo catalyst supported on multi-walled carbon nanotubes (MWCNT)
in the same high pressure hydropyrolysis reactor [124]. A range of saturated hydrocarbons was
produced with carbon numbers of C1 to C8+. The total hydrocarbon yields were 73 C% from
cellulose and 54 C% from poplar, with the majority of the remaining carbon being converted
to CO, CO2, char, and a small water-soluble fraction. This catalyst system was interesting
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due to its ability to generate hydrocarbons in good yield from whole biomass; however, it was
performed under high pressure, which would require higher capital and operating costs. An-
other concern would be that the hydrocarbon products were completely saturated, which would
necessitate a higher hydrogen input while producing lower value alkane products.
Conclusions
Fast pyrolysis is an intriguing process for converting solid, low-density biomass into a denser
liquid bio-oil. Since bio-oil has an enormous potential, a large effort has been put into under-
standing the many facets in the fast pyrolysis of biomass, and in particular cellulose pyrolysis,
as it is one of the more abundant and least complex biomass constituents. One important
aspect is the development of a detailed mechanistic and kinetic model describing the cellulose
pyrolysis chemistry that occurs. A well developed and detailed mechanistic model of cellulose
pyrolysis will facilitate the understanding of the effect of different process parameters on prod-
uct distribution. The development of a model could ultimately lead to the improvement in the
quality of the bio-oil as well as the overall process economics.
The ability to develop a rigorous model will greatly depend on the quality of pyrolysis
experimental data that the model is built upon. Therefore, in the first part of the thesis,
different physical properties of cellulose and other glucose-based carbohydrates and different
reaction system parameters will be investigated. To be more precise, the entire reaction system
will be examined to explore which regimes give rise to mass or heat transfer limitations leading
to secondary effects with the cellulose pyrolysis chemistry. The pyrolysis data generated for
mechanistic modeling work will attempted to be collected within a kinetically-limited reaction
system.
To build upon the work in the first part, the effect of the natural biomass minerals on cellu-
lose pyrolysis will be investigated. It has been shown that the natural minerals in biomass can
greatly affect the pyrolysis chemistry, and depending on the type of biomass the concentration
of the minerals can be relatively high, particularly the AAEMs. Therefore, glucose-based carbo-
hydrates will be impregnated with varying concentrations of AAEM salts, particularly Na and
37
Ca salts. The pyrolysis data involving the Na-impregnated samples will also be incorporated
into the mechanistic model to further investigate the role Na on the pyrolysis reactions.
A major challenge in utilizing bio-oil as a fuel is its high oxygen content, which can manifest
as high water content, low heating value, low pH, and possible phase instability with time.
These issues can be addressed by removing oxygen to form hydrocarbons, which can then be
processed using existing petroleum refining infrastructure. However, effectively deoxygenating
bio-oil remains a significant hurdle and requires continued research and development.
In the final part of this work, improving the quality of bio-oil will be upgraded through the
use of a deoxygenation catalyst in a low pressure hydrogen reaction environment. It has been
stated previously that the presence of oxygen in bio-oil is deleterious. Therefore, a molybdenum
oxide catalyst will be used under a hydrogen atmosphere in order to hydrodeoxygenate biomass
pyrolysis vapors while maintaining high carbon yields.
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CHAPTER 2. THE PYROLYSIS OF NEAT GLUCOSE BASED
CARBOHYDRATES
Introduction
Biomass is receiving increased attention as a means of producing a liquid product, bio-oil,
that can potentially be upgraded to fuels and chemicals. The process by which solid biomass is
converted into liquid bio-oil is through fast pyrolysis, which is seen as an efficient process, due
to short reaction times, and relatively environmentally friendly, from its low or even neutral
greenhouse gas emissions [16, 18]. Bio-oil has a few undesired properties that prevent its current
widespread use as a crude oil replacement. Namely, bio-oil has a high oxygen content which is
present in a profusion of chemical functionality which manifests as causing the bio-oil to have
a low pH value, low heating value, and relative instability during storage [16, 18]. Therefore,
in order to tune the final product distribution for developing improved means of downstream
upgrading, detailed mechanisms of the pyrolysis reactions must be known. Unraveling these
complex mechanisms in fast pyrolysis firstly involves obtaining detailed chemical speciation of
the compounds in bio-oil.
The most abundant component of biomass is cellulose, a biopolymer made up of d-glucose
units connected via β-1,4 glycosidic linkages [126]. Fast pyrolyzing cellulose involves rapidly
heating to a moderate temperature (400-600 ◦C at >500 ◦C/s) to depolymerize and fragment
the polymer chain into smaller, lower molecule weight compounds. The liquid product, the
yield of which is ∼65-75 wt.%, contains a complex mix of organic compounds with a wide array
Material presented in this chapter has been reproduced in part from [1, 2, 3, 125]. Copyright 2014 American
Chemical Society.
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of functionality including acids, alcohols, aldehydes, ketones, furanics, anhydrosugars, and
many others. The relative yields of each compound can be affected by the choice of feedstock,
pretreatments, reaction conditions (e.g., temperature, pressure, vapor residence time, etc.), or
the presence of indigenous or added catalytic materials, among others. Therefore, in order
to reveal the changes to bio-oil composition caused by process parameters in the hopes of
improving quality and process economics, the reaction chemistry in carbohydrate fast pyrolysis
must be fundamentally understood.
In biomass fast pyrolysis, cellulose has been the most studied biomass component due to
its natural abundance and relative simplicity as compared to hemicellulose and lignin [18, 127].
The pyrolysis product distribution of cellulose has been reported in the literature with the use
of micropyrolyzer coupled with an online gas chromatograph/mass spectrometer/flame ioniza-
tion detector system (micropyrolyzer-GC/MS/FID) [48, 51]. Experimental pyrolysis data has
also been generated in different apparati, most notably with pyroprobes and thermogravimetric
analyzers (TGA), and from the data, kinetic models have been developed. Using a pyroprobe,
a kinetic model was developed by Lin et al. that included the formation of levoglucosan, trans-
formation of levoglucosan into other anhydrosugars, and the decomposition or oligomerization
of anhydrosugars to lower molecular weight (LMW) compounds or oligomers [128]. However,
the residence time in the system may be higher leading to the inclusion of both the primary
reactions and secondary effects. Patwardhan et al. studied the effect of residence time by
comparing product distributions obtained with a micropyrolyzer (shorter residence time) with
a lab-scale fluidized bed (longer residence time) [129]. The proposed secondary effects from a
longer residence time included the decomposition of anhydrosugars and furans into LMW and
gases as well as the oligomerization of levoglucosan upon condensation, although no studies
involving model compounds were performed to substantiate the claims. Mettler et al. studied
the pyrolysis of thin film cellulose, which was claimed to have a thickness of 3 µm, a calculated
heating rate of 1,000,000 ◦C/min, and free from mass and heat transfer limitations [51, 130].
However, upon pyrolysis the thin film generated less levoglucosan and more LMW compounds
and char than the original powdered cellulose. The decomposition/dehydration of levoglucosan
into other anhydrosugars and LMW products were proposed to be secondary reactions, contra-
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dictory to the fact that thin film cellulose gave a lower yield of levoglucosan than the powdered
cellulose [131]. Patwardhan et al. pyrolyzed cellulose at sample loadings within the range of
200-800 µg and particle sizes of either 20 or 50 µm and found no significant change in product
yields, thereby concluding the mass and heat transfer effects were unchanged in the tested
range [48]. However, it would be useful to have a more expansive study on a larger range of
sample loadings and cellulose morphology for a more systematic examination of mass and heat
transfer effects.
There is a debate on the existence and impact of heat and mass transfer limitations in
specific fast pyrolysis reactors. During fast pyrolysis, one must consider all of the physical pro-
cesses in existence, including kinetics (chemical reactions), mass transfer and thermodynamics
(volatilization and partial pressures), and heat transfer (temperatures and heating rates). For
example, in a TGA the applied heating rate is generally limited. As such, when cellulose be-
gins to break down at 300-350 ◦C and release significant amounts of levoglucosan [48, 132], the
temperature will be too low for levoglucosan to be sufficiently volatile. As a result, some of the
levoglucosan will remain in the heated reaction zone long enough to further react to produce
oligomers or fragment to form lower molecular weight products, unless a high gas flow rate and
sufficiently small sample mass are used [49, 50, 133]. Therefore, when kinetic parameters are
calculated from experimental data from TGA experiments, they generally contain a convolution
of kinetics with mass and heat transfers effects unless the experimental conditions are diligently
controlled. Another option to using a TGA is a micropyrolyzer (Frontier Labs, Japan) or pyro-
probe (CDS Analytical, USA), which can apply much higher heating rates allowing for a higher
rate of reaction and volatilization. The operating conditions that can affect the mass and heat
transfer can differ for each experimental apparatus. Therefore, it is important to determine
the in situ mass and heat transfer properties under the applicable reaction setup.
In this study, the micropyrolyzer system was first analyzed to determine where the regimes
of kinetic, heat and mass transfer limitations exist. This included performing heat transfer
calculations on the micropyrolyzer system and investigating the effect of particle size, sample
mass, and length scale. After finding the operating conditions where mass and heat transfer
limitations affected the product distribution, the micropyrolyzer was run in a kinetically limited
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zone to determine product distributions of glucose-based carbohydrates. The detailed product
speciation that was obtained for glucose, cellobiose, maltohexaose, and cellulose was used as
a basis to perform quantum mechanical (QM) calculations of the energy barriers and reaction
pathways in pyrolysis. The QM calculations allowed for the development of a mechanistic
model for the pyrolysis of glucose-based carbohydrates.
Experimental Methods
The α-d-glucose was purchased from Sigma-Aldrich (96%). The β-D-glucose was prepared
using the method of Reyes et al. [134] adapted from Hudson and Dale [135]. Briefly, 10 g of
glucose was added to 1 mL of deionized water and heated to 100 ◦C. After complete dissolution,
12 mL of hot acetic acid (100 ◦C) was added to cause precipitation of primarily β-d-glucose.
The precipitate was filtered off, washed several times with ethanol, and dried at 40 ◦C in
vacuo. The precipitate contained 85% β-d-glucose as measured by light polarimetry. The
α- and β-d-glucose samples were sieved, and only particles within the size range of 300-500
µm (50-35 mesh) were pyrolyzed. Cellobiose (>98%), maltohexaose (>90%), and Sigmacell 50
cellulose were purchased from Sigma-Aldrich and used as received. According to Sigma-Aldrich,
Sigmacell 50 has an average particle size of 50 µm and a degree of polymerization of ∼1900.
Thin film cellulose samples were made from each the nano cellulose slurry and the Sigmacell
50. To prepare the former, the nano cellulose slurry was transferred to pyrolysis sample cup
by coating the inner wall. Then, the coated cup was vacuum dried at 40 ◦C. The thin film
cellulose from Sigmacell 50 was prepared using the method described by Mettler et al. [51].
Briefly, a suspension of Sigmacell 50 in water was added to the pyrolysis and then dried under
vacuum.
Scanning electron micrographs (SEM) of the materials were obtained using a FEI Quanta
FE-SEM. The SEM was coupled with energy dispersive X-ray spectroscopy (EDS, Aztec, Ox-
ford Instruments) with an X-max 80-mm2 detector. The coated sample cups were embedded
in epoxy to prepare cross sections in the longitudinal and transverse directions. The epoxy
was doped with about 15 wt.% iodoform to raise the average atomic number of the epoxy
above that of the cellulose. Since normal epoxy and cellulose are very similar in composition
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and hence in atomic number, it is difficult to differentiate between the two phases in backscat-
tered electron imaging in which brightness depends on atomic number. Cellulose is somewhat
distinguishable in secondary electron imaging since it is of different hardness than the epoxy.
Hardened epoxy pellets were ground to the proper section depth using silicon carbide paper
starting with 180-grit and proceeding through 1200-grit. Samples were then polished using 1
µm diamond slurry. Samples were coated with iridium (Ir) with a thickness of 2 nm to present
a conductive surface.
Pyrolyzer-GC-MS/FID
Fast pyrolysis was performed on a single-shot micropyrolyzer (model 2020iS, Frontier Labo-
ratories, Japan). A specified amount of sample (200-500 µg, unless otherwise noted) was loaded
into a deactivated stainless steel cup. For analysis, the sample-containing cups were dropped
into the preheated reaction zone. For a standard experiment, a 500 ◦C pyrolysis tempera-
ture was used with 103 mL/min of Helium flow as a sweep gas (100:1 split ratio). Volatilized
products were swept through the reaction zone into the pyrolyzer injection needle (at 320 ◦C),
the gas chromatograph (GC) injection port (300 ◦C), and finally into the GC column. The
GC separation was performed using a medium polarity ZB-1701 column (Phenomenex, 86%
dimethylpolysiloxane, 14% cyanopropylphenyl), and a temperature program which started at
50 ◦C, heated at 5 ◦C/min to 300 ◦C, and held at 300 ◦C for 5 minutes. Pyrolysis products
were identified using a mass spectrometer (MS, Varian Saturn 2000) and quantified with a
flame ionization detector (FID, Bruker 430-GC) after confirmation and calibration with pure
standards, the details of which can be found in the supplementary materials. A near-infrared
gas analyzer (DeJaye, Des Moines, USA) was used to quantify CO and CO2 yields, while char
yields were quantified by taking the difference in weight of the sample cup before and after




Sample heating rates are crucial parameters to evaluate heat transfer limitations inside
of the pyrolysis system. They are controlled by various factors, such as sample weight, flow
rate of inert gas, pyrolysis temperature, configuration of pyrolyzer, etc. Since heating rate is
determined by specific experiment conditions, it is favorable to perform heating rate calculations
under the specific experimental conditions instead of using the nominal heating rates provided
by suppliers. Several articles calculated the heating rates for biomass fast pyrolysis, but failed
to consider certain details [51, 130]. For instance, it wasn’t considered whether the inert gas
had been heated up to reaction temperature before contacting the biomass, or if the heating
rate of biomass was higher than the pyrolysis cup. Also, it wasn’t considered how to calculate
the convective heat transfer coefficient under experimental conditions. To address these issues,
a systematic calculation was performed in the current study with a reaction temperature of
500 ◦C and a helium flow rate of 103 mL/min.
!
Figure 2.1: Configuration of the micropyrolyzer.
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Figure 2.1 shows the configuration of the micropyrolyzer used in the current study. Full data
for the length scale of the micropyrolyzer and physical properties are shown in Appendix A. The
convective and radiative heat transfer from the quartz tube to the helium were used to calculate
the heating rate of the helium. The Nusselt number was calculated using the empirical formula
for forced convection in laminar pipe flow [136], and was subsequently used to calculate the
convective heat transfer coefficient. It was found that under current experimental conditions,
the helium only needed 1.2 mm to be heated to reaction temperature after entering the furnace
zone, which was a much shorter distance than the depth of the cup (Length A in Figure 2.1).
Therefore, the helium reaching the cup and sample was at 500 ◦C. Detailed calculations for
heating rates, Biot number, and the assumptions made during the calculation are shown in the
appendix.
The modes of heat transfer to the cup included both convective heating from the helium and
radiative heating from the quartz tube. The same empirical formula was applied to calculate the
Nusselt number considering both the inside and outside of the cup. The initial temperature
of the cup was taken as 25 ◦C. The temperature versus time plot for the cup represents a
numerical solution of the differential equation (Figure 2.2A). The heating rate for the cellulose
sample was calculated by assuming the heat transfer was mainly from convective heating from
helium instead of conductive heating from the cup. For powder cellulose, the average Nusselt
number was calculated using the empirical formula for a flat plate in laminar flow, since the
powder cellulose was located on the bottom of the cup [137]. The same empirical formula was
used for the thin film from powder cellulose since the majority of cellulose was located on the
bottom of the cup with a thickness around 100 µm. For the thin film from nanocellulose, a
thickness of 2 µm was chosen to represent the average length.
Figure 2.2 shows the temperature vs time for the cup, powdered cellulose, and thin film
cellulose, which suggests the heating rate of the cellulose was higher than the cup. Figure 2.2B
and 2.2C show cellulose samples could approach the reaction temperature within 1 s, which is
less than characteristic reaction time scale of 2.5 to 3 s as predicted by a microkinetic model
from Vinu and Broadbelt [138]. Therefore, it may be reasonable to believe that both thin film
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Figure 2.2: Estimated heating rates in the micropyrolyzer to 500 ◦C. (A) Heating rate of an
empty pyrolysis cup. (B) Heating rate of powder cellulose at masses of 0.25 mg, 0.3 mg, 0.4
mg, 0.5 mg, 0.6 mg, and 0.7 mg. (C) Heating rate of 0.25 mg of thin film cellulose of either 2
µm thickness (nano cellulose slurry, black) or 100 µm thickness (powder cellulose, grey).
Effect of Particle Size and Sample Mass
As received Fisher-brand dextrose (d-glucose) was sieved to the following particle sizes:
<125 µm, 125-180 µm, 180-212 µm, 212-297 µm, 297-500 µm, and >500 µm. It was found
that larger particles produced more levoglucosan than smaller particles (Figure 2.3A). The
largest particles, >500 µm, yielded about 13 wt.% levoglucosan. Subsequently, levoglucosan
yield decreased to about 4 wt.% for particles 212 µm and smaller. The particle size distribution
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Figure 2.3: Levoglucosan yield (wt.%) from different particle sizes of glucose (left) and cellulose
(right). For cellulose, the 1 µm sample is a thin-film prepared using the procedure of Mettler
et al. [51]. The 20 and 50 µm samples are Sigmacell 20 and Sigmacell 50, respectively. The
remaining particle sizes are from pelletized Sigmacell 50.
Cellulose required pelletization to obtain particles larger than 50 µm and was therefore
pelletized using a Carver Inc. pellet press (40,000 lbf for 3 minutes). The large cellulose pellet
was broken apart and sieved to specified sizes (Figure 2.3). The levoglucosan yield for the
commercially available celluloses (20 and 50 µm size particle) was similar, 58.4 wt.% and 55.5
wt.%, respectively, and comparable with a previous study [48]. As particle size was increased
and sample mass was <800 µg, there was no significant deviations in levoglucosan yield. Even
at the largest tested particle size, at over an order of magnitude larger (850-1000 µm), there
was no significant change in levoglucosan yield.
If there were noticeable heat transfer limitations, the particle interior may be at a lower
temperature than the exterior. When cellulose was pyrolyzed at different temperatures, the
levoglucosan yield was increased at a lower pyrolysis temperature (Figure 2.4). Therefore, a
higher levoglucosan yield may be anticipated in particles with temperature gradients present.
In other words, a larger particle may undergo pyrolysis while having an exterior temperature
close to 500 ◦C and an interior temperature closer to 400 ◦C, resulting in higher levoglucosan
formation in the particle interior. The particle as a whole should, therefore, give a higher yield
overall of levoglucosan. However, as particle size was increased, levoglucosan yield did not
significantly change.
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Heat transfer limitations may also arise if the cellulose sample mass becomes too large. That
is, a larger sample mass may require a longer heating time to reach pyrolysis temperature and a
portion of the cellulose could undergo pyrolysis at lower temperatures. Therefore, the cellulose
sample mass was increased from the conventional range of 200-500 µg up to 2000 µg (Figure
2.5). From comparing the yield of levoglucosan and total GC detectables, it can be seen that
the yields gradually decreased when the sample mass was increased from 0.8 mg. Therefore, it
is possible that mass transfer limitations, instead of heat transfer limitations, are present when
the sample weight is excessive. The same trend holds for some of the major LMW products,
i.e., methyl glyoxal, glycolaldehyde, or 5-hydroxymethylfurfural (5-HMF), among others. On
the other hand, the yield of gases, CO and CO2, and char increased when a large sample weight























Figure 2.4: Comparison of methyl glyoxal, glycolaldehyde, and levoglucosan yields (wt.%) at
different cellulose pyrolysis temperatures.
Thin Film Pyrolysis
The length scale and phase identification of thin films made from nanocellulose and Sigma-
cell 50 was measured using SEM (Figure 2.6). Sample cups were embedded in epoxy in order to
prepare cross sections in both longitudinal and transverse directions. Four phases were identi-
fied by EDS on the boundary: cellulose, epoxy-iodoform, Si-O, and the steel cup (Figure 2.6A
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Figure 2.5: Yields (wt.%) of levoglucosan and the total GC detectables (top left figure), and
methyl glyoxal, glycolaldehyde, 5-HMF, cyclic hydroxy lactone, and dianhydro glucopyranose
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D E F 
Figure 2.6: SEM-EDS images of the boundary of cross section of pyrolysis cup coated with
thin film cellulose. (A) phase identification of thin film from sigmacell 50 on the wall; (B) thin
film from sigmacell 50 on the wall; (C) thin film from sigmacell 50 on the bottom; (D) phase
identification of thin film from nanocellulose on the wall; (E) thin film from nanocellulose on
the wall; (F) thin film from nanocellulose on the bottom.
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and nanocellulose. For the thin film prepared from the nanocellulose slurry, a continuous film
was observed on the wall of the pyrolysis cup with a thickness of several microns (Figure 2.6D
and 2.6E). A negligible amount of cellulose was found on the bottom of the cup (Figure 2.6F).
On the other hand, the thin film prepared from Sigmacell 50 shows a discontinuous distribution
of particles or clumps on the wall instead of a thin film. The thickness of these spots is also
several microns (Figure 2.6A and 2.6B). Unlike the thin film prepared from the nanocellulose,
most of the Sigmacell 50 was deposited as a layer at the bottom of the cup with a thickness
around 100 µm (Figure 2.6C). The suspended Sigmacell 50 would primarily fall out of solution
and deposit on the bottom of the cup during drying, while the nanocellulose slurry had a high
enough yield stress to remain on the wall. Therefore, a continuous thin film of several microns
could only be formed by the nanocellulose slurry, while powder cellulose would primarily form
one or several large cellulose agglomerations on the bottom of the cup measuring about 4 mm
in diameter and 100 µm in thickness. To be consistent, the thin film from the Sigmacell 50
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Figure 2.7: Comparison of major products yields from two different thin-film celluloses and
powder cellulose. The full product distribution is available in Appendix A.5.
For glucose, the levoglucosan yields were markedly different between the powder (300-500
µm particle size) and thin film. As shown in Figure 2.3, powder glucose with particles of 300-
500 µm in size yielded about 9 wt.% levoglucosan. However, with thin film glucose the yield
of levoglucosan was only 1.7 wt.%. The yield of levoglucosan from thin film glucose was even
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lower than the smallest tested powder particle sizes. One possible reason for the decrease in
levoglucosan yield for the thin film system may be the presence of mass transfer limitations.
The thin film from the nanocellulose slurry had a similar product distribution as the powder
cellulose (Figure 2.7). However, an apparent difference was shown between the two types of thin
film cellulose. A higher yield for LMW, furans, gas, and char, and a lower yield for levoglucosan
was observed for the thin film from powder cellulose. Since all cellulose samples were proven
to have a negligible amount of metal ions, the difference in product distribution might be
attributed to transport limitations. The thin film from the nanocellulose slurry is regarded to
be the most likely to be free of mass and heat transfer limitations due to it having the smallest
length scale in regard to mass transfer and the largest surface area for heat convection.
According to the calculations, 0.3 s was needed to heat 0.25 mg of powder cellulose to 500
◦C (Figure 2.2B). Whereas 0.1 s and 0.6 s were required for the nanocellulose thin film and
powder cellulose thin film, respectively, to be heated to 500 ◦C (Figure 2.2C). The heating
time estimations were much less than the characteristic time scale of 2.5 to 3 s for cellulose
fast pyrolysis [138]. Moreover, if heat transfer limitations were present, part of the cellulose
would actually be pyrolyzed at lower temperature than 500 ◦C, leading to a higher yield for
levoglucosan and a lower yield for LMW, as mentioned in Section 2 and in Figure 2.4, which
however was not the case here. Therefore, it was unlikely that heat transfer effects change the
product distribution for the current case.
Considering the different length scales for these three types of cellulose, mass transfer effects
might be the cause of the differences in product distribution. The thickness of the thin film
formed from the nanocellulose slurry was shown to be around 2 to 4 µm (Figure 2.6E). On
the other hand, the thin film from the powder cellulose formed a large mass covering almost
the whole bottom of the cup with a thickness around 100 µm. The dimension of the powder
cellulose without treatment was around 50 µm by 10 µm by 10 µm. The similarity in product
distributions between the powder cellulose and the nanocellulose thin film suggested that the
powder cellulose had negligible mass transfer limitations if the proper sample weight was used.
For the powder cellulose thin film, the sedimentation of the powder and elimination of the
void space among the cellulose particles during drying lead to the formation of a large cellulose
52
clump covering the entire bottom of sample cup, possibly increasing mass transfer resistance.
However, it should be noticed that the different product distribution shown here was not
consistent with the one caused by excessive sample weight which lead to lower yields for both
levoglucosan and LMW/furans.
Anomer Effect: α- vs. β-Glucose
Quantum mechanical studies reveal that some reaction paths from α- or β-d-glucose have
similar elementary steps and reaction barriers, such as ring opening, while others are dissimilar,
notably the formation of pyranose levoglucosan [2]. To determine whether differences in mech-
anism impact observed yields, glucose samples were pyrolyzed containing different anomeric
ratios of glucopyranose, specifically either 96% α-d-glucose or 85% β-d-glucose.
Since particle size has been shown to have an effect in glucose pyrolysis (Figure 2.3A), the
particle size was held to a specific size, 300-500 µm. The sample mass was also maintained in
the range ∼300-450 µg. The major pyrolysis products are shown in Figure 2.8 with the full
product slate provided in the appendix, Table A.8.
Figure 2.8: Key pyrolysis product yields of samples rich in either α-d-glucose (open bars) or
β-d-glucose (gray bars). A full list of product yields is included in the appendix, Table A.8.
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As evidenced by the major product yields, there was no significant difference between α- or
β-d-glucose pyrolysis. Levoglucosan yield was 8.50±0.35 wt.% from α-d-glucose and 8.34±2.57
wt.% from β-d-glucose, while 5-HMF yield was 2.72±0.29 wt.% and 3.28±0.26 wt.% from α-
and β-d-glucose, respectively. Another major product, glycolaldehyde, was 18.42±0.22 wt.%
from α-d-glucose and 16.45±4.76 wt.% from β-d-glucose. Among the solid and gaseous prod-
ucts from α-d-glucose, char was 10.26±3.90, CO was 1.24±0.16, and CO2 was 7.38±1.83 wt.%.
The yields were 7.09±3.64, 1.37±0.24, and 7.51±0.95 wt.%, respectively, from β-d-glucose.
The yields presented in this study for pyrolysis of either glucose anomer were comparable with
previous studies wherein anomer considerations were not explicitly accounted for [48].
Pathways for Levoglucosan Formation
During cellulose pyrolysis, once levoglucosan has been formed, it may either volatilize and
escape the high temperature reaction zone or it may further react to form char or LMW prod-
ucts. It was shown previously that a thin film of cellulose will produce less levoglucosan than
powdered cellulose. The lower levoglucosan yield from thin film pyrolysis may be related to its
low volatility. The vapor pressure of levoglucosan at room temperature (25 ◦C) was estimated
to be 9×10−5 Pa by extrapolating from the experimental values of Oja and Suuberg [139]. This
vapor pressure is lower than another high boiling pyrolysis product, 5-HMF (0.08 Pa) [140],
and it is much lower than the vapor pressures for some LMW products, namely acetol (500
Pa) [141], acetone (30,000 Pa) [142], or glycolaldehyde (5 Pa) [141]. In addition, Bai et al.
tested levoglucosan volatility by pyrolyzing cellulose in covered TGA cups, and it was found
that as the pressure inside the cup was increased (by using fewer holes in the cup cover),
levoglucosan yield was decreased, while oligomer (char) yields increased [50]. Therefore, the
reduced volatility of levoglucosan may hinder its ability to escape from the reaction zone, and,
in turn, it may be more likely to form char or breakdown to LMW products.
To test the extent to which levoglucosan volatility affects its pyrolysis yield, two different
experiments were performed. The first experiment was similar to Figure 2.5 in that an in-
creasing mass of powdered levoglucosan was pyrolyzed, from 0.2 mg up to 2 mg. By increasing
the sample mass, the partial pressure of levoglucosan within the reaction zone will increase.
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The second experiment involved creating a thin film of levoglucosan (0.2 mg) on the bottom
of the pyrolysis cup, thereby creating a high localized partial pressure. In both experiments
∼100% of levoglucosan was recovered with negligible degradation to char or LMW products.
Therefore, at the least, having a high levoglucosan partial pressure alone does not lead to any
further reactions.
To see if a high levoglucosan partial pressure in the presence of other pyrolysis products can
lead to degradation, cellulose and levoglucosan were co-pyrolyzed. In this experiment, about
equal masses of cellulose and levoglucosan (with a total mass <0.8 mg) were mixed together
and subsequently pyrolyzed. A levoglucosan yield of ∼76 wt.% was obtained, which is equal
to ∼100 wt.% yield from the pure levoglucosan and ∼55 wt.% yield from cellulose, indicating
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Figure 2.9: Yields (wt.%) of major low molecular weight products, gases, and solids from the
co-pyrolysis of levoglucosan and char at a 10:1 ratio by mass.
To investigate the secondary reactions from levoglucosan, levoglucosan and cellulose char
were co-pyrolyzed at a ratio of 10:1 LG:char by mass at different sample weights (Figure 2.9).
In this case only about 50 wt.% of the levoglucosan was recovered. A considerable amount of
gases, LMW, furans, dehydrated pyranose and char were generated when a large sample weight
was used at the expense of levoglucosan yield. Few secondary products were produced from
the co-pyrolysis when the levoglucosan weight was less than 300 µg. Also, a negligible amount
of secondary products were generated when pyrolyzing levoglucosan alone with sample weights
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ranging from 200 µg to 800 µg. Therefore, it is suggested that char could catalyze or initialize
the decomposition and dehydration of levoglucosan into gases, LMW, furans, and dehydrated
pyranose, as well as secondary char formation if the sample weight of levoglucosan and char is
large enough. The catalytic effect of the char was also investigated with cellulose. At a mass
ratio of 5:1 cellulose:char, the levoglucosan yield decreased to ∼47 wt.% from 55 wt.% for the
pure case.
To evaluate the secondary reactions from LMW and furans, the co-pyrolysis of glycolalde-
hyde dimer and 5-HMF with char was performed with a ratio of 1:1 at different sample weights.
Glycolaldehyde dimer was used due to the lack of commercially available pure glycolaldehyde.
Previous work showed that pyrolysis of glycolaldehyde dimer at 500 ◦C generates a single ma-
jor peak representing glycolaldehyde in the pyrolyzer-GC-MS system [48]. For sample weights
less than or equal to 50 µg, almost all of the glycolaldehyde dimer converted into glycolalde-
hyde. With an increasing sample weight, the yield of glycolaldehyde decreased, accompanied
by the formation of CO and CO2. It is not possible to quantify the gas yield when the sample
weight was less than 500 µg due to the sensitivity of the IR detector. A poor mass balance
was obtained for excessive sample weights, possibly due to species condensing in the transfer
line to the GC column and the formation of undetectable gases. Similarly, the formation of
CO and CO2 was observed from the co-pyrolysis of 5-HMF with char for sample weights larger
than 500 µg. Additionally, secondary char formation was detected, the yield of which increased
with increasing sample weight. Similar to glycolaldehyde, the yield of 5-HMF decreased with
increasing sample weight. Therefore, secondary reactions from LMW and furans to form CO,
CO2, and secondary char occurred in the case of excessive sample weights in the presence of
char, assuming glycolaldehyde and 5-HMF were representative of LMW and furan products,
respectively.
A lower yield of levoglucosan, furans, and LMW and a higher yield of char and gases has
been shown for pyrolysis of powder cellulose with an excessive sample weight. The change in
yields may be caused by the interaction of levoglucosan, furans and LMW with the primary char,
leading to the formation of secondary gases, char, or LMW products (Figure 2.10). Although



























Figure 2.10: Primary and secondary reactions during cellulose fast pyrolysis.
the presence of char, the amount from which might not be enough to compensate for the
degradation to secondary char. Differently, the powder cellulose thin film generated a lower
yield of levoglucosan and a higher yield of gases, LMW, furans, and char, even with the proper
cellulose weight being used. Within the thin film pyrolysis system, the length scales were
different with less void spacing and more intimate contact between the cellulose particles.
Therefore, as char was formed through the usual course of pyrolysis, there may have been an
increased amount of contact and interaction between the pyrolysis vapors, unreacted cellulose,
and char within the more closely packed system. The increased contact may have heightened
the propensity of char forming reactions or other degradation reactions. The increased char,
gas, and LMW formation came at the expense of levoglucosan and other low volatility products.
As a result, GC detectable yields were lower and char yield was increased, as was seen from
the experimental data.
Conclusion
The primary reactions and secondary effects were investigated for glucose based carbohy-
drate fast pyrolysis in a micropyrolyzer-GC-MS/FID system by varying particle size, sample
weight, length scale, and anomer concentration for the carbohydrate samples. All carbohydrate
samples were proven to be essentially mineral-free prior to pyrolysis. Heat transfer limitations
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appeared to be negligible for the pyrolysis system based on heating rate calculations with an
appropriate sample weight (<800 µg). Mass transfer limitations were found to dominate when
a large sample weight (>800 µg) or sample particle length scale (100 µm thin film) were py-
rolyzed. With mass transfer limitations present, a higher yield of gases and char and a lower
yield of levoglucosan was obtained from cellulose pyrolysis. The changes in the yields of the
LMW and furanic products could be attributed to differing extents of the impact of the sec-
ondary effects. The co-pyrolysis of model compounds with cellulose char found the char to
be catalytic and produce the same secondary effects as the mass transfer limited cases. The
secondary effects included the degradation of levoglucosan to LMW, furans, and dehydrated
pyranose as well as secondary gas and char formation.
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CHAPTER 3. THE EFFECT OF ALKALI/ALKALINE EARTH
METALS (AAEMS) ON CARBOHYDRATE PYROLYSIS
Introduction
Biomass is a renewable source of carbon and is seen as a potential substitute feedstock for
petroleum for the production of fuels and commodity chemicals [86, 145, 146, 147, 148]. One
possible route for converting biomass into a more viable and workable is through fast pyrolysis.
The process of fast pyrolysis involves rapidly heating the biomass to cause the rapid depoly-
merization and degradation of the main constituent biopolymers: cellulose, hemicellulose, and
lignin [76, 79]. Under the proper operating conditions, a liquid product can be obtained at up
to 90 wt.% yield. However, the distribution of products within the oil and the relative yields
of liquid, gas, and char can vary greatly from changes in the feed and operating conditions.
One of the major constituents of biomass, cellulose, has a distinctly uniform structure of
repeating β-d-glucose. The other main components, hemicellulose and lignin, are comprised of
more irregular, non-repeating structures. In addition, biomass also contains varying amounts
of inorganic matter, e.g., sodium, potassium, magnesium, calcium, silicon, phosphorus, and
chlorine [149]. Previous work in the literature has shown that even though the total inorganic
content is <1 wt.%, there can still be a dramatic impact on the pyrolysis product distribu-
tion [62, 68, 69, 149]. Of particular interest is studying the effect of NaCl in biomass pyrolysis
since these are two of the more common minerals and sodium has been found to exhibit a
similar effect as other alkali and alkaline earth metals (AAEMs) [62, 68, 150, 151, 152]. As
Material presented in this chapter has been reproduced in part from [1, 2, 125, 143, 144]. Copyright 2014
American Chemical Society.
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such, numerous studies have been performed to elucidate the impact of naturally or added
NaCl on cellulose or carbohydrate pyrolysis behavior. With cellulose, NaCl has been found to
dramatically influence the yield of levoglucosan, decreasing it from 55 wt.% without NaCl to
9 wt.% with 0.05 wt.% added NaCl [62, 68, 150, 152, 153]. Simultaneously, the yields of low
molecular weight products (LMW) increased [62, 68, 150, 152, 153]. The NaCl was found to
accelerate cellulose dehydration and decomposition and promoted the evolution of char and
non condensable gaseous species [150, 154, 155, 156].
Previous studies have focused on global pyrolysis products (i.e., gas, char, or liquid yields)
as measured with a thermogravimetric analyzer (TGA) [68, 153, 154, 155, 157]. Unfortunately,
a TGA is not capable of providing the high heating rate necessary for fast pyrolysis. Also,
few studies have examined the effect of AAEMs on individual product species. A comprehen-
sive study by Patwardhan et al. investigated the effect of various salts on cellulose product
speciation including Na, K, Mg, and Ca chlorides, as well as the calcium salts: chloride, hy-
droxide, nitrate, carbonate, and phosphate dibasic [62]. All of the tested salts were found to
affect cellulose pyrolysis in similar manners in that anhydrosugar yields were suppressed and
in turn LMW formation was accelerated. More recent work has been able to identify and
quantify more pyrolysis products allowing for further study of the impact of NaCl on cellulose
pyrolysis [1, 2, 125, 130]. The impact of NaCl can also be studied on other glucose-based carbo-
hydrates, such as glucose, cellobiose, and maltohexaose to find the effect of chain length on the
speciation to further explain the involved reaction mechanisms and intermediates. Studying
the product distribution in cellulose pyrolysis with added NaCl may also aid in investigating
the mechanisms and of cellulose and full biomass pyrolysis.
In the pyrolysis of NaCl-impregnated straw, the Cl– ion was found to volatilize at tempera-
tures below 400 ◦C, while a negligible amount of Na+ had volatilized at up to 600 ◦C [154, 158,
159]. As such, in the melt phase during pyrolysis it has been hypothesized that the sodium will
bind with oxygen functional groups within the organic framework [144, 158, 160, 161]. It has
also been suggested that sodium interacts with the carbohydrate ring oxygen to catalyze ring
opening, decarbonylation, decarboxylation, and dehydration reactions [160]. The formation of
char was also found to be favored through the addition of Na+ by the suppression of volatile
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formation, catalyzing reactions that destroy the carbohydrate ring structure, and catalyzing
the repolymerization and carbonization of reaction intermediates [160]. It has also been re-
ported that Na+ could catalyze the formation of highly reactive, cross-linking carbocation and
oxonium ion molecules that result in greater char formation [152].
Much computational work has been performed to investigate pyrolysis mechanisms involving
the effects of sodium. The 1,2-dehydration of alcohols as model compounds for carbohydrate
dehydration reactions was investigated by Nimlos et al. using electronic structure calcula-
tions [152]. It was found that alkali metals decreased the energy barrier for dehydration by
stabilizing the transition state. For example, in ethanol dehydration to ethylene, the presence
of Na+ led to a 30-fold increase in reaction rate and a decrease in activation energy (Ea), from
67.4 to 60.0 kcal/mol. Density functional theory (DFT) calculations also found Na+ to lower
the activation energy for dehydration of β-d-glucopyranose [162]. Explaining the catalytic effect
of Na+ on carbohydrate pyrolysis is aided with the body of work presented in the literature.
However, while the kinetic parameters and results being reported don’t necessarily quantita-
tively explain experimental data, they can be used as a foundation for building a microkinetic
model of pyrolysis reaction chemistry. The microkinetic model would then be able to include
the effects of Na+ and provide insight into the rates carbohydrate conversion as well as the
resulting product speciation [1, 125, 138, 163].
In this work, the effect of NaCl on the pyrolysis product distribution of glucose-based car-
bohydrates was further examined. The carbohydrate feedstocks, which included glucose, cel-
lobiose, maltohexaose, and cellulose, were loaded with varying amounts of NaCl and pyrolyzed
at 500 ◦C using a micropyrolyzer-gas chromatography-mass spectrometry/flame ionization de-
tector (Py-GC-MS/FID) system. The experimental data included yields of more pyrolysis
products than has previously been reported and was used to develop a mechanistic model of
the pyrolysis chemistry.
Experimental Methods
The glucose was purchased from Fisher Scientific and had an ignition residue <0.002%,
heavy metals <5.0 ppm, and iron <5.0 ppm, which were sufficiently low so as to eliminate
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the metal ion catalytic effect during pyrolysis [62]. For the impregnated glucose samples, the
required amount of the desired alkali or alkali earth metal chloride was measured in a beaker
and then 1.0 g of glucose was added followed by 25 mL of methanol. With stirring, the mixture
was completely dissolved and then dried at 40 ◦C in an oven.
Cellulose, in the form of microcrystalline powder of 50 µm particle size, was purchased
from Sigma-Aldrich chemical company. The commercially available cellulose sample contained
a negligible amount of mineral impurities [48, 62] and was used as the pure cellulose in this
work. The NaCl used in this work was purchased from Fischer Scientific as ACS grade chemicals
with >99.5% purity. Cellulose samples doped with NaCl at four concentrations ranging from
0.05 to 2.5 wt.% were prepared. These weight percents were chosen to mimic those present in
real biomass feedstocks. The appropriate amount of NaCl was dissolved in 10 mL methanol
and this solution was then added to 1 g of cellulose and stirred well to obtain a well-mixed
slurry. The samples were dried in an oven at 40 ◦C in vacuo to obtain the NaCl-impregnated
cellulose samples.
Maltohexaose, cellobiose, glucose, and levoglucosan with a sufficiently low amount of min-
eral impurities were purchased from Sigma-Aldrich chemical company and used as pure samples.
NaCl-impregnated maltohexaose, cellobiose, glucose, and levoglucosan samples were prepared
following the same procedure as NaCl-impregnated cellulose samples being prepared.
Results
The experimental purpose of this work is to investigate the effects of NaCl on chemical spe-
ciation resulting from fast pyrolysis of glucose-based carbohydrates and provide experimental
data for mechanistic modeling. All the experiments in this study were carried out at 500 ◦C and
the final yields of various products from fast pyrolysis of glucose, cellobiose, maltohexaose, and
cellulose over a wide range of NaCl concentrations are summarized in Tables 3.1-3.4, respec-
tively. For clarity, only compounds with yields >1 wt.% are included here. The full product
distributions along with the corresponding values of standard deviations of the product yields
for the triplicate runs of fast pyrolysis of glucose, cellobiose, maltohexaose, and cellulose can
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be found in Tables A.9-A.18 in the Appendix. The concentrations of NaCl are based on the
original amounts of glucose-based carbohydrates.
















Figure 3.1: Key pyrolysis product yields of samples with between 0.00 and 62 mmol NaCl per
mol glucose. A full list of product yields is included in the Appendix Table A.9.
Figure 3.1 and Table 3.1 display results of pyrolyzing glucose with varying amounts of NaCl,
from 0 wt.% up to 2 wt.% (0.0 mmol NaCl/g glucose to 0.34 mmol NaCl/g glucose). The ef-
fect of NaCl on glucose pyrolysis yield is more subtle than observed with cellulose pyrolysis.
For example with glucose, the presence of 0.08 mmol NaCl/g glucose decreased levoglucosan
(pyranose) yield by just under 40%, while for cellulose, the presence of 0.11 mmol NaCl/g
cellulose decreased levoglucosan (pyranose) yield by more than 70% [62]. Shimada et al. saw a
more dramatic decrease to near complete diminishment in levoglucosan yield from cellulose at
a loading of ∼0.7 mmol NaCl/g cellulose [68]. In other studies, the reduction in levoglucosan
yield was accompanied by an increase in low molecular weight compounds, including glyco-
laldehyde [58, 62]. However, in this work glycolaldehyde yield did not appear to significantly
change with increasing salt loading. In fact, no major low molecular weight compounds were
found to significantly increase in yield with increasing salt concentration. Instead, the decrease
in levoglucosan yield appears to be offset by an increase in the yield of char.
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Table 3.1: Distribution of some major products (in wt.%) from fast pyrolysis of NaCl-
impregnated d-glucose.
Product↓ Glucose + NaCl
(wt.% NaCl→) 0.00 0.17 0.49 0.93 2.0
Methyl Glyoxal 1.50 1.69 1.18 1.42 1.18
Glycolaldehyde 5.21 4.70 3.34 3.18 4.64
Furfural 0.96 1.01 0.81 0.82 0.42
5-HMF 4.93 6.27 5.55 6.47 4.61
Levoglucosan (Pyranose) 8.10 8.40 5.36 5.32 5.80
Levoglucosan (Furanose) 3.96 4.28 2.31 2.12 2.88
CO 1.20 1.19 1.48 1.47 1.62
CO2 7.56 8.07 8.65 10.3 8.30
Char 9.34 7.38 9.46 12.8 11.4
As shown in Table A.9-A.18, a total of thirty-one compounds were indentified from fast py-
rolysis of neat/NaCl-impregnated glucose-based carbohydrates. There were also several prod-
ucts including compounds with a molecular weight of 86 g/mol and 102 g/mol that could not be
definitively confirmed due to the unavailability of their pure standards. Pyrolysis products could
be broadly classified into (a) anhydro sugars, (b) furan ring derivatives, (c) non-condensable
gas species, and (d) low molecular weight compounds. The quantitative yields of pyrolysis
products from fast pyrolysis of neat glucose-based carbohydrates have been reported in our
previous work [1]. In this paper, product speciation arising from fast pyrolysis of glucose-based
carbohydrates doped with varying amounts of NaCl was reported.
Table 3.1 summarizes the yields of the major pyrolysis products from fast pyrolysis of
glucose in the presence of NaCl. Intriguingly, the same products were observed, but in different
ratios for without or with different amounts of NaCl. According to the product categories
mentioned above, the species on which the presence of NaCl showed a significant impact are
as follows, (a) levoglucosan-pyranose and levoglucosan-furanose, (b) 5-hydroxymethylfurfural
(5-HMF), (c) CO and CO2, and (d) formaldehyde, glycolaldehyde, methylglyoxal, and acetol.
Moreover, the yields of char and H2O can also be greatly affected by the presence of NaCl.
Levoglucosan-pyranose was formed by one-step dehydration of β-d-glucopyranose during
glucose pyrolysis, and the formation of levoglucosan-furanose involved isomerization from α-d-
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glucopyranose to α-d-glucofuranose via ring-opening/ring-closing, followed by dehydration [1,
125]. It is interesting to note that both the yields of levoglucosan-pyranose and levoglucosan-
furanose increased for an initial loading of 0.03 mmol NaCl/g of glucose, and dropped from
8.40 to 5.36 wt.% and 4.28 to 2.30 wt.%, respectively, as NaCl concentration was increased to
0.08 mmol/g, then changed by a small amount as NaCl concentration further increased.
The formation and consumption of 5-HMF during fast pyrolysis involves several competing
reaction pathways. The formation of 5-HMF involves the isomerization of α-d-glucopyranose to
α-d-fructose, which undergoes three dehydration reactions to give 5-HMF [1, 125]. 5-HMF can
be converted to furfural, furanmethanol, char and gaseous species [1, 125]. The yield of 5-HMF
underwent an initial increase from 4.92 to 6.26 wt.% followed by a decrease to 5.55 wt.%, then
reached a maximum of 6.47 wt.%, then decreased again to 4.61 wt.% as the addition of NaCl
increased from 0 to 0.34 mmol NaCl/g of glucose. Methyl glyoxal showed a similar change to
5-HMF in yields varying with the addition of NaCl.
According to a mechanistic model, dehydration and cyclic/Grob fragmentation involve H2O
being formed as a product, char formation yields char, CO, CO2, H2, and H2O, and decarbony-
lation contributes little to the yield of CO [1, 125]. The formation of gaseous species CO, CO2,
char, and H2O were showed to be facilitated as NaCl concentration increased. The yields of
CO2, char, and H2O reached their maximums of 10.3 wt.%, 12.8 wt.%, 24.7 wt.%, respectively,
as 0.16 mmol of NaCl/g of glucose was presented.
The formation of small aldehydes and other LMW often involves retro-aldol, retro-Diels-
Alder, or tautomerization [1, 125]. With increasing amounts of NaCl doped to glucose, the
yield of formaldehyde was slightly reduced first then sharply increased to its maximum, and
then slightly decreased again, while the yields of acetaldehyde and acetol consistently reduced.
The yield of glycolaldehyde decreased from 5.21 to 3.18 wt.% by the presence of a 0.16 mmol
of NaCl/g of glucose; however, greater amounts of NaCl led to an increase in this yield to 4.64
wt.%.
Overall, the presence of NaCl in glucose pyrolysis increased the yields of furan ring deriva-
tives, non-condensable gas species, and H2O at the cost of reducing the yields of anhydro
sugars, dianhydro sugars, and LMW compounds.
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While the effect of NaCl was less pronounced in glucose pyrolysis, the major trends pre-
viously reported for cellulose pyrolysis with NaCl were generally present. In the pyrolysis of
glucose with NaCl, the yield of furans, such as 5-HMF, a major product from glucose pyrolysis,
did not appear to significantly change with different NaCl loadings [62]. However, the presence
of NaCl resulted in a decrease in levoglucosan and anhydrosugar yield and an increased yield
of char, confirming that inorganic salts affect glucose pyrolysis. The alterations in the glu-
cose pyrolysis product distribution were similar to those reported for cellulose pyrolysis with
NaCl [49, 62, 66, 67, 160, 164], suggesting that understanding the effect of NaCl on glucose
pyrolysis will be useful for understanding the effect for cellulose pyrolysis.
Effect of NaCl on fast pyrolysis of cellobiose
Table 3.2: Distribution of some major products (in wt.%) from fast pyrolysis of NaCl-
impregnated cellobiose.
Product↓ Cellobiose + NaCl
(wt.% NaCl→) 0.00 0.12 0.66 1.20 3.40
Methyl Glyoxal 0.89 0.89 0.97 1.03 1.02
Glycolaldehyde 7.14 7.09 6.38 6.72 6.16
Cyclic Hydroxy Lactone 1.58 1.52 1.71 1.32 1.23
5-HMF 3.35 4.16 4.50 4.60 4.80
Levoglucosan (Pyranose) 27.2 22.6 22.5 16.7 16.2
Levoglucosan (Furanose) 2.14 1.61 1.61 1.09 1.08
CO 1.11 1.27 1.19 1.36 1.71
CO2 6.10 5.88 8.22 8.66 8.98
Char 5.72 3.95 6.49 7.51 8.15
Table 3.2 presents the yields of products from fast pyrolysis of cellobiose with the addition
of NaCl ranging from 0 to 0.21 mmol/g. Overall, the presence of NaCl in cellobiose pyrolysis in-
creased the yields of furan ring derivatives, non-condensable gas species and H2O, and decreased
the yields of anhydro sugars, dianhydro sugars. However, unlike glucose pyrolysis with NaCl,
the total yield of LMW compounds from fast pyrolysis of cellobiose with NaCl was slightly
increased. Furthermore, both the yields of levoglucosan-pyranose and levoglucosan-furanose
consistently decreased from 27.2 to 16.2 wt.% and from 2.14 to 1.08 wt.%, respectively, with
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the increasing amounts of NaCl doped. The yields of 5-HMF, levoglucosenone, methyl glyoxal,
acetaldehyde, and acetone kept increasing, while the yield of glycolaldehyde kept decreasing
from 7.14 to 6.16 wt.%. The yields of formaldehyde and acetol reached their maximum by the
presence of 0.11 mmol of NaCl/g of cellobiose. Again, the yields of gaseous species CO2, char,
and H2O decreased a bit for an initial loading of 0.02 mmol NaCl/g of cellobiose, and then kept
increasing with the addition of NaCl increased, while the yield of CO kept increasing. Note
that the yields of glycolaldehyde and levoglucosan-pyranose are higher from cellobiose pyrolysis
than those from glucose pyrolysis, while the yields of other species such as 5-HMF, char, H2O,
CO2, CO, methyl glyoxal, and levoglucosenone are lower.
Effect of NaCl on fast pyrolysis of maltohexaose
Table 3.3: Distribution of some major products (in wt.%) from fast pyrolysis of NaCl-
impregnated maltohexaose.
Product↓ Maltohexaose + NaCl
(wt.% NaCl→) 0.00 0.05 0.32 1.04 1.72
Methyl Glyoxal 1.17 1.04 1.10 1.17 0.89
Glycolaldehyde 8.46 6.08 6.55 6.40 5.31
Cyclic Hydroxy Lactone 0.85 1.25 2.22 2.27 0.90
5-HMF 1.75 2.83 2.69 2.75 2.69
Levoglucosan (Pyranose) 33.1 23.9 17.9 17.1 15.0
Levoglucosan (Furanose) 0.51 0.71 0.51 0.52 0.54
CO 1.23 1.50 1.22 1.19 1.20
CO2 6.11 8.04 8.47 9.22 9.50
Char 5.51 7.05 8.02 8.70 7.78
A quite similar effect of NaCl on product speciation from fast pyrolysis of maltohexaose
to that of cellobiose in the present of NaCl was observed, as shown in Table 3.3. Again,
the presence of NaCl increased the total yields of LMW species and the yields of furan ring
derivatives, non-condensable gases, and H2O, and meanwhile decreased the yields of anhydro
sugars and dianhydro sugars.
Levoglucosan-pyranose yield was reduced from 33.1 to 15.0 wt.%, and GA yield kept de-
creasing from 8.46 to 5.31 wt.% as the addition of NaCl increased from 0 to 0.30 mmol/g of
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maltohexaose. The yields of small compounds such as formaldehyde, acetaldehyde, methanol,
and acetol increased with the amount of NaCl added to maltohexaose, and the yields of CO2
and char were also observed to keep increasing from 6.10 to 9.50 wt.% and 5.51 to 7.78 wt.%,
respectively. The formation of CO and H2O were enhanced by the addition of NaCl to malto-
hexaose, and their maximum yields were reached in the presence of 0.01 and 0.18 mmol NaCl/g
of maltohexaose, respectively.
Effect of NaCl on fast pyrolysis of cellulose
Table 3.4: Distribution of some major products (in wt.%) from fast pyrolysis of NaCl-
impregnated cellulose.
Product↓ Cellulose + NaCl
(wt.% NaCl→) 0.00 0.06 0.31 1.18 1.75
Methyl Glyoxal 1.13 1.12 1.10 0.73 0.95
Glycolaldehyde 7.88 12.1 15.6 6.38 12.0
Acetol 0.38 1.02 3.00 4.43 2.79
Levoglucosan (Pyranose) 54.5 15.2 9.10 8.67 8.52
Levoglucosan (Furanose) 2.31 0.27 0.18 0.19 0.31
CO 1.84 2.14 2.29 2.77 2.42
CO2 3.57 3.85 5.45 7.63 6.53
Char 4.57 5.15 8.50 7.37 9.02
Table 3.4 summarizes the yields of products from fast pyrolysis of cellulose in the presence
of NaCl at 500 ◦C. Similar to pyrolysis of glucose, cellobiose, and maltohexaose, the presence
of NaCl in cellulose pyrolysis led higher yields of LMW compounds, furan ring derivatives,
non-condensable gas species, char, and H2O, and lower yields of anhydro sugars and dianhydro
sugars, as compared to fast pyrolysis of neat cellulose.
When it comes to the individual products, NaCl showed an increasing influence on altering
their yields from fast pyrolysis of glucose to cellobiose, maltohexaose, especially cellulose. For
example, similar declining profiles of levoglucosan yield were experimentally observed in fast py-
rolysis of glucose-based carbohydrates in presence of NaCl, however, levoglucosan yield dropped
from 54.5 to 8.5 wt.% for cellulose as compared from 33.1 to 15.0 wt.% for maltohexaose, from
27.2 to 16.2 wt.% for cellobiose, and from 8.40 to 5.36 wt.% for glucose. Unlike the decreasing
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trends with increasing addition of NaCl to glucose, cellobiose, and maltohexaose, an increase
in GA yield from 7.88 to 12.1 and further to 15.6 wt.% was observed when the addition of
NaCl to cellulose increased from 0 to 0.01 mmol/g and then to 0.05 mmol/g. Further increase
in the addition of NaCl reduced the formation of glycolaldehyde. As reported in our previous
work, decompositions of cellulosic chains via endchain initiation and depropagation contribute
over 95 % to the final yield of levoglucosan, and GA directly formed from the cellulosic chains
take up more than 60 % of its final yield from the fast pyrolysis of neat cellulose. Experi-
mental results implied that the presence of NaCl has significant impacts on the formation of
LG and GA through the decomposition of cellulosic chains. 5-HMF was formed in a lower
yield in the presence of NaCl of fast pyrolysis compared as that from neat cellulose, which was
different from the trends of increasing yield of 5-HMF that was observed in fast pyrolysis of
glucose, cellobiose, and maltohexaose as increased amounts of NaCl were doped. The yields of
levoglucosan-furanose and dianhydro glucopyranose decreased from 2.31 to 0.27 wt.% and from
4.9 to 1.39 wt.%, respectively, even for an initial NaCl addition of 0.01 mmol/g of cellulose. The
increasing yields of char, CO, and CO2 from 4.57 to 9.02 wt.%, 1.84 to 2.77 wt.%, and 3.57 to
7.63 wt.%, respectively, were observed for cellulose pyrolysis. The formation of formaldehyde,
acetaldehyde, acetone, and acetol were also enhanced in the presence of NaCl.
As shown in Table 3.4, levoglucosan was the most abundant product form fast pyrolysis
of neat cellulose, accounting for 54.5 wt.% in yield. The presence of NaCl at a concentration
as little as 0.05 mmol/g of cellulose in pyrolysis sharply reduced the yield of levoglucosan to
less than 10 wt.%. A similar effect of very small amounts of NaCl decreasing the yield of
levoglucosan from fast pyrolysis of cellulose has been widely reported in the literature. There
were three different processes levoglucosan underwent once it was formed from primary reaction
during fast pyrolysis: (1) levoglucosan served as an intermediate in the formation of other small
compounds, (2) levoglucosan vaporized quickly and left the reaction zone as it was formed, and
(3) there was a competition between the vaporization of levoglucosan and the degradation of
levoglucosan.
Our previous work has revealed that the decrease in the yield of levoglucosan from fast
pyrolysis of neat cellulose at increasing temperatures was caused by the competing decompo-
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sition routes of cellulosic chains to give levoglucosan, glucose, glycolaldehyde and other LMW
species. The decreasing yield was not caused by the degradation of levoglucosan because no
degradation occurred to the levoglucosan formed during fast pyrolysis of neat glucose-based
carbohydrates or levoglucosan as a reactant [1, 125]. To determine whether inorganic salts
would assist degradation of levoglucosan, experiments on fast pyrolysis of levoglucosan in the
presence of different amounts of NaCl were conducted, and the results were summarized in Ta-
ble 3.5. Corresponding values of the standard deviations of the product yields for the triplicate
runs of levoglucosan pyrolysis are given in Table A.17 and A.18 in the appendix.
Effect of NaCl on fast pyrolysis of levoglucosan
Table 3.5: Distribution of some major products (in wt.%) from fast pyrolysis of NaCl-
impregnated levoglucosan.
Product↓ Levoglucosan + NaCl
(wt.% NaCl→) 0.00 1.10 3.20
Glycolaldehyde 0.00 0.56 2.09
Acetol 0.00 0.09 0.77
Dianhydroglucopyranose 0.00 0.13 1.08
Levoglucosan (Pyranose) 100.0 84.4 64.4
Levoglucosan (Furanose) 0.00 0.32 1.16
CO 0.00 0.50 0.57
CO2 0.00 1.93 2.38
Char 0.00 0.81 0.31
As shown in Table 3.5, no degradation was observed for neat levoglucosan being pyrolyzed,
which is consistent with our previous work [1, 125] as well as Patwardhan et al. [48]. In-
terestingly, fast pyrolysis of levoglucosan in the presence of NaCl yielded a range of product
species, indicating NaCl does assist the decomposition of levoglucosan during fast pyrolysis.
The major products arising from levoglucosan decomposition include dianhydro-glucopyranose,
glycolaldehyde, methylglyoxal, acetol, acetaldehyde, char, CO, CO2 and water. The yields of
glycolaldehyde and dianhydro glucopyranose increased from 0.56 to 2.09 wt.% and 0.13 to 1.08
wt.%, respectively, as the doped amount of NaCl increased from 0.19 to 0.56 mmol/g of levoglu-
cosan, and the ratio of glycolaldehyde yield to dianhydro-glucopyranose yield decreased from
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4.3 to 1.9. However, the ratio of glycolaldehyde yield to dianhydro-glucopyranose yield for fast
pyrolysis glucose-based carbohydrates was not only much bigger but also showed an increasing
trend as the amount of doped NaCl increased. Specifically, the ratio increased from 12.7 to
22.5 for glucose, from 8.3 to 10 for cellobiose, from 4.7 to 7.8 for maltohexaose, and from 8.7
to 34.5 for cellulose. This result indicated that the formation of LMW species from levoglu-
cosan pyrolysis involved different intermediates and pathways than those from fast pyrolysis of
glucose-based carbohydrates.
Discussion
Figure 3.2: The effect of NaCl on a small subset of reaction pathways in glucose pyrolysis at
500 ◦C [143].
The computational studies found that sodium played a role in increasing the rate of most
reactions, however a few reactions were suppressed. A small subset of the reactions from the
mechanistic model are presented in Figure 3.2. To form levoglucosan, two separate pathways
are presented; a single-step dehydration of β-glucose, and a two-step pathway from α-glucose.
Sodium was found to suppress the formation of levoglucosan from α-glucose, where the rate
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constant was decreased by an order of magnitude with added sodium. However, the presence of
Na+ was found to accelerate the rate of formation of levoglucosan from β-glucose by more than
50-fold. However, experimentally a slight decrease in the levoglucosan yield was observed upon
the addition of NaCl. It can be seen that the rate for the ring opening of β-glucose to open
chain d-glucose was accelerated as well, the extent of which being one order of magnitude (i.e.,
an 11-fold increase). Even though the rate constant for levoglucosan formation was increased
to a greater degree as compared to the ring opening, the rate constant overall for the ring
opening pathway was still greater. In the presence of sodium, the rate constant for β-glucose
to open-chain d-glucose was 22 s−1, while the rate for β-glucose to levoglucosan was 17 s−1 at
500 ◦C.
Figure 3.3: The contribution to the total levoglucosan yield from the different chain units and
reactions and a comparison between the mechanistic modeling and experimental results for
levoglucosan yield in cellulose pyrolysis [1, 125].
Computationally, it was found that levoglucosan formed from three main pathways in cellu-
lose pyrolysis: endchain initiation, chain depropogation, and glucose dehydration (Figure 3.3).
In endchain initiation, the non-reducing unit could undergo dehydration and simultaneously
break the glycosidic bond to form a levoglucosan molecule and a cellulose chain that was one
unit shorter. The same dehydration/glycosidic bond cleavage reaction could also occur with
midchain units affording two shorter cellulose chains with one of the chains containing a levoglu-
cosyl unit for the reducing end group. The glycosidic bond could then be cleaved releasing the
levoglucosyl end group to form levoglucosan through chain depropogation. Glycosidic bonds
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Figure 3.4: The effect of NaCl on the yield of levoglucosan in the pyrolysis of glucose-based
carbohydrates [1, 125].
could also be cleaved with a water molecule through thermohydrolysis, giving two shorter cellu-
lose chains. In certain arrangements, the glycosidic bond could be cleaved through levoglucosyl
formation or thermohydrolysis and release the reducing end group as a glucose molecule. The
glucose units then have the possibility of dehydrating to form levoglucosan.
When NaCl was added to the cellulose, there was a dramatic decrease in the levoglucosan
yield even at the lowest salt loading (Figure 3.4). The mechanistic model showed a more
gradual decrease in the yield of levoglucosan formed through endchain initiation and chain
depropogation as the salt loading was increased (Figure 3.3). The inability of the model to
accurately capture the effect of the NaCl at low salt loadings was attributed to a simplification
built into the model whereby only one sodium ion was allowed to bind to a carbohydrate chain
at one time. Only having one binding Na+ per chain may be a reasonable assumption for
glucose, cellobiose, and possibly even maltohexaose, however, it is likely an underestimation
for cellulose. Underestimating the degree of Na+ binding could by extension underestimate the
effect of the Na+ ion on cellulose pyrolysis. Therefore, at low salt loadings the promotion of
mid-chain dehydration and fragmentation reactions by sodium was likely understated, leading
to an overestimation of levoglucosan yield.
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Conclusion
The pyrolysis of the glucose-based carbohydrates, glucose, cellobiose, maltohexaose, and
cellulose, and a major carbohydrate pyrolysis product, levoglucosan, was performed with var-
ious amounts of impregnated NaCl. Using a micropyrolyzer-GC-MS/FID system, the major
pyrolysis products were able to be directly analyzed to find the effect of NaCl on carbohydrate
pyrolysis. With the addition of NaCl, the yield of anhydrosugars was found to decrease and
was coupled with increases in the yields of char, gases, and LMW. The pyrolysis of NaCl-
impregnated levoglucosan resulted in the major products being gases, char, LMW, and dian-
hydroglucopyranose, indicating NaCl could facilitate the breakdown of levoglucosan.
A mechanistic model was built upon the experimental data and included the effect of added
sodium on the kinetic rates for various reaction pathways in the pyrolysis of glucose-based
carbohydrates. The model found NaCl to accelerate some of the glucose pyrolysis reactions
while suppressing others. Notably, from β-d-glucose, the rate constant for dehydration to
levoglucosan was increased 50-fold, while the rate for the ring-opening to open chain d-glucose
was increased by a factor of 10. However, the overall rate constant for conversion to open chain
d-glucose was still higher, despite a lower magnification with the addition of Na+.
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CHAPTER 4. EX SITU HYDRODEOXYGENATION IN BIOMASS
PYROLYSIS USING MOLYBDENUM OXIDE AND LOW PRESSURE
HYDROGEN
Introduction
The pyrolysis of biomass in order to produce a liquid intermediate for the production of
fuels and chemicals is attracting attention as a potential partial replacement for petroleum.
However, the unique properties of biomass pyrolysis oil (or bio-oil) makes the processing of
it in a traditional petroleum refinery a significant challenge. Notably, the acidic products will
corrode steel vessels and piping, the water and alkali and alkaline earth metals (AAEMs) in bio-
oil will be detrimental to typical silica and alumina-supported metal catalysts, and the high
oxygen content will require significantly more hydroprocessing for removal, as well as other
undesirable characteristics [77]. Therefore, bio-oil requires a degree of preprocessing before
introduction into a petroleum refinery.
One attractive method of upgrading bio-oil is through hydrodeoxygenation (HDO), which
can reduce the oxygen content as well as acid concentration. Ideally in HDO, the oxygen in
bio-oil is removed as water, while the carbon is retained [79]. Efficient HDO reactions minimize
hydrogen consumption in the process and are performed under lower hydrogen pressures thereby
reducing capital and operation costs [79]. Several catalyst systems have been investigated for
HDO reactions with bio-oil model compounds as well as hydroprocessing of liquid bio-oil. Past
efforts of hydroprocessing bio-oil have been thoroughly reviewed in the literature. [78].
Reproduced from Ref. [165] with permission from the Royal Society of Chemistry.
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In more recent work, zeolites have been found to generate aromatics in cellulose catalytic
fast pyrolysis [90, 92]. However, hydrocarbon yields were low (up to 30 C%) and coke yields
could be very high (as high as 60 C%) [90, 92]. With a lignin feed, the coke yields were as
high as 80 C% [90]. Precious and non-precious metal catalysts have been shown to be active
in key hydrogenation and hydrogenolysis reactions. Various supported Pt catalysts converted
m-cresol to toluene at 60-80% selectivity at 0.5 atm H2 in N2 with minor products being
methylcyclohexanol, methylcyclohexane, and phenol [166]. The authors found the reaction to
be sensitive to the partial pressure of H2, where an increase in H2 partial pressure led to an
increase in m-cresol conversion and yield of the saturated ring products [166]. Elliott et al.
were able to recover high yields of naphthenes, aromatics, and alkanes using a hydrotreating
step followed by a hydrocracking step, although the process was operated at a pressure of 13.8
MPa [167]. Sitthisa and Resasco tested Cu, Pd, and Ni supported on SiO2 for the HDO of
furfural [168]. Copper was most active in the hydrogenation to furfuryl alcohol, but not HDO
to methylfuran, while Pd and Ni gave the highest selectivity toward the decarbonylation prod-
uct furan [168]. Sulfided Mo and CoMo catalysts showed activity in the HDO of guaiacol at a
hydrogen pressure of 4 MPa [169]. Molybdenum sulfide gave similar selectivities to the prod-
ucts cyclohexane, methylcyclopentane, and benzene, while CoMoS showed >80% selectivity to
benzene with much lower yields of saturated ring products [169]. High surface area phosphided
Ni and Mo catalysts yielded a mixture of HDO products from 4-methylphenol [170]. A Ni2P
catalyst was found to be more active than a MoP catalyst with the activity increasing with
higher H2 pressure due to the minimization of coke formation [170].
Using a high pressure hydropyrolysis reactor, Venkatakrishnan et al. were able to achieve
a high carbon balance from the catalytic hydrodeoxygenation of cellulose and poplar wood
feedstocks [124]. The hydrodeoxygenation catalyst was Pt-Mo supported on multiwalled carbon
nanotubes (MWCNTs) and was situated ex situ of the pyrolysis reactor to allow for independent
pressure and temperature control [124]. Relatively high hydrocarbon yields were obtained from
HDO of cellulose (72.6 C%) and HDO of poplar wood (53.8 C%). From cellulose, the major
hydrocarbon products were linear alkanes, including n-hexane (17.6 C%), which was postulated
to have formed from the HDO of levoglucosan. The liquid fuel range (C4+) yields were 55% and
76
32% from cellulose and poplar, respectively. Despite the high hydrocarbon yields, the HDO
was performed at a total pressure of 2.7 MPa [124]. To our knowledge, hydrodeoxygenation
of biomass fast pyrolysis vapors at near atmospheric hydrogen pressure has not been reported.
Ideally, the HDO would be performed at low pressure and result in products with a high
selectivity to unsaturated hydrocarbons so as to minimize H2 consumption.
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Figure 4.1: The reverse Mars-van Krevelen mechanism as the proposed literature mechanism
for hydrodeoxygenation of oxygenated compounds [82, 113].
Prasomsri et al. used MoO3 and low pressure H2 for HDO of bio-oil model compounds [82].
Remarkably, the catalyst was able to directly deoxygenate the model compounds, even remov-
ing the ring oxygen in furan compounds, without fully saturating the products [82]. Under the
reaction conditions, the postulated reaction pathway was that of a reverse Mars-van Krevelen
mechanism whereby H2 interacts with surface oxygen forming water and an active vacant site
on the catalyst (Figure 4.1). The oxygen in the reactant then fills the vacancy, leading to
oxygen transfer to the catalyst and the formation of the unsaturated product. Therefore, the
catalyst requires a constant stream of H2 for continuous reduction and vacant site formation.
However, it is possible to over reduce the Mo, as was found by the authors, where the cata-
lyst gradually deactivated due to the formation of inactive Mo4+ . Also, the rate of catalyst
deactivation was found to increase as reaction temperature increased. In a subsequent study
looking into the surface modification of the MoO3, the authors postulated that the formation
of oxycarbohydrides on the surface stabilized active Mo5+ form, thereby slowing the reduction
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to Mo4+ and prolonging the activity of the catalyst [113]. Molybdenum carbide catalysts have
also been found to be effective in the HDO reactions [117]. Using anisole as a reactant, Lee
et al. obtained benzene selectivities over 90% at a range of reaction temperatures and conver-
sions [117]. However, Mo2C did yield cyclohexane at selectivities of 2-7%, while MoO3 was not
found to catalyze the formation of any cyclic hydrogenation products from anisole [82, 117].
These studies suggest that molybdenum-based catalysts have unique properties that make
them suitable for use as HDO catalysts. Notably, the catalytic material is cost effective,
active at moderate temperatures (200-400 ◦C) and low H2 pressure while generally being more
hydrogen efficient by minimizing hydrogenation reactions. However, to our knowledge these
catalysts have only been tested with relatively simple model compounds that contain only one
or two oxygen atoms. In this work, molybdenum oxide (MoO3) was employed for ex situ HDO
of cellulose, lignin, and corn stover pyrolysis vapors. First, the optimal catalytic conditions
were found for HDO of cellulose pyrolysis vapors and then these conditions were applied in
HDO of lignin and whole biomass (corn stover) pyrolysis vapors.
Experimental Materials and Methods
Materials
Cellulose (Sigmacell 50) and molybdenum(VI) oxide (≥99.5%) were purchased from Sigma
Aldrich. The cellulose was used as received. The received molybdenum oxide catalyst was
pelletized and sieved to 140-400 mesh particle sizes. Prior to use in a reaction, the catalyst was
calcined in air at 600 ◦C for 3 hours. Lignin was provided by Archer Daniels Midland (ADM)
and had been isolated from corn stover using the Organosolv process. Prior to use, the lignin
was purified by washing with dilute acid. Approximately 10 g of lignin sample was washed with
100 mL of 0.1 N HCl for 15 minutes, followed by two subsequent washes with deionized water.
Corn stover was received from the BioCentury Research Farm at Iowa State University and




A single-shot tandem micropyrolyzer (Rx-3050tr, Frontier Labs, Japan) was used for the
pyrolysis and ex situ HDO. The tandem micropyrolyzer is a series of two reactors. In the first
reactor, the biomass was pyrolyzed in an inert atmosphere. The generated pyrolysis vapors
were quickly swept into the second reactor containing the catalyst bed and then were swept
into the gas chromatograph (GC) for analysis. To perform an experiment, a small mass of
sample (200-300 µg) was loaded into a deactivated stainless steel cup. The cups were dropped
by gravity into the preheated first reactor. The helium carrier gas (UHP300, Airgas) at 30
mL/min quickly swept the vapors into the second reactor. A reaction gas inlet which allowed
for a second gas to flow over the catalyst was located at the interface between the two reactors
(i.e., with He as a carrier, H2 can be added to reduce the catalyst, or air can be added to
oxidize the catalyst or burn off coke). During an experiment, hydrogen (UHP300, Airgas) was
added as the secondary gas at 30 mL/min. The pyrolysis product distribution from cellulose
has previously been reported using helium only as the carrier gas [3]. The addition of hydrogen
did not significantly change the distribution or yields of the pyrolytic products. Quartz tubes
(3 mm I.D.) containing the MoO3 catalyst were loaded into the second reactor with quartz
wool placed above and below the catalyst bed to secure it in place.
After the second reactor, the vapors were swept into the GC-MS/TCD/FID (Agilent 7890B
GC, Agilent 5977A Mass Selective Detector, Thermal Conductivity Detector, Flame Ionization
Detector) for identification and quantification. The GC parameters included an injection tem-
perature of 270 ◦C and an oven program of a hold at 25 ◦C for 7 minutes, followed by a ramp
of 10 ◦C/min to 300 ◦C. The MS was operated in electron ionization mode with a scan between
20-500 m/z. The FID and TCD were held at 260 ◦C. Separation and quantification of non
condensible gases and C1-C7 hydrocarbons was achieved with a GS-GASPRO column (Agi-
lent) and quantified by TCD. Condensible volatile compounds were separated using a medium
polarity DB-1701 column (Agilent) and identified and quantified using the MS and FID, re-
spectively. Pure standards and standard gas mixtures were used to identify and calibrate for
all possible products.
79
The data in this study is presented on a carbon yield basis (C%). The char yields were
measured to be 10.1 C% for cellulose, 55.5 C% for lignin, and 43.0 C% for corn stover. Since
the carbon in the char remained in the first reactor and could not be converted by the catalyst,
only the carbon from the volatile pyrolysis products could be converted to hydrocarbons and
was indicated by the maximum theoretical hydrocarbon yield. To see the extent of HDO, the
experiments with catalyst are presented with the control case of fast pyrolysis without any
subsequent catalytic conversion.
Coke yields were measured by performing an oxidative treatment on the catalyst bed in
situ using 1.6 vol.% air in He at 61 mL/min. The catalyst bed temperature was initially held
at reaction temperature, 400 ◦C, for 15 min, followed by a ramp at 5 ◦C/min to 550 ◦C. The
temperature was held at 550 ◦C for 2 hr. The CO2 that evolved off the catalyst was detected
and quantified using the MS by tracking the ion count at a m/z of 44.
H2 Consumption
The hydrogen consumption was calculated using the stoichiometric equation for the overall
HDO reaction (equation 4.1).
aClHmOn + bH2 → cCxHy + dH2O (4.1)
By completing an atom balance for C, H, and O using values of l, m, and n as determined
by elemental analysis for each of the feedstocks (equations 4.2-4.4)
Cellulose = CH1.67O0.83 (4.2)
Lignin = CH0.977O0.4 (4.3)
Cornstover = CH1.51O0.68 (4.4)




The effect of catalyst loading on the degree of HDO was investigated for catalyst loadings of
200, 300, and 400 mg of MoO3. It was found that a loading of 200 mg was able to fully catalyze
HDO in cellulose pyrolysis. Therefore, a 200 mg catalyst loading was used for the subsequent
experiments. It has been reported previously in the literature that 320 ◦C was an optimal
reaction temperature for MoO3 catalysts due to a tradeoff between the rate of deoxygenation
and catalyst deactivation [82]. In this work, the catalytic reaction temperature was set at
300, 350, or 400 ◦C. The different catalyst temperatures were compared based on passing
four biomass injections through the catalyst bed and observing the products resulting from
each injection. That is, the biomass injections were performed by pyrolyzing a biomass sample
with the vapors reacting on the same catalyst bed without any type of regeneration/calcination
between injections. The time between each injection was about one hour and was determined by
the GC separation program completing and cooling back down to the initial oven temperature
for the next injection. The catalyst bed temperature was held constant at the specified reaction
temperature and the gas flow through the catalyst bed was maintained at 60 mL/min of 1:1
v/v He:H2 for the entirety of the experiment, including during and between sample injections.
At 300 ◦C, there was no apparent hydrocarbon formation from the cellulose vapor feed
(Figure 4.2). The main products included dehydration products of levoglucosan, such as lev-
oglucosenone, as well as the standard low molecular weight compounds produced during cel-
lulose pyrolysis. Conversely, complete HDO to hydrocarbons occurred at 350 ◦C and 400 ◦C
after the second injection. At 400 ◦C, the products from the first injection of cellulose included
the same low molecular weight oxygenates and dehydration products as seen at 300 ◦C (Fig-
ure 4.3). However, the total oxygenate yield was much less than the control case of cellulose
pyrolysis without catalyst. In the first injection, there was also some CO, CO2, and a small
amount of hydrocarbons (∼7 C%) formed. From the presence of the dehydration products, it
appeared the fresh MoO3 predominately acted as an acid catalyst to catalyze the dehydration
of levoglucosan to levoglucosenone and other dehydration products.
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Figure 4.2: The hydrodeoxygenation of cellulose pyrolysis vapors at a catalyst temperature of
300 ◦C. Reaction conditions: 500 ◦C pyrolysis, 60 mL/min 1:1 v/v He:H2 flow (1.8 bar Ptotal),
no catalyst pre-reduction.
In the literature, it was postulated that HDO with MoO3 occurs through a reverse Mars-van
Krevelen mechanism and not through acid-base chemistry [82]. The reverse Mars-van Krevelen
mechanism would be consistent with the initial induction period needed to form an adequate
number of vacant sites for reaction, and therefore, lead to total HDO of the feed for the 2nd
injection. To validate this hypothesis, further HDO tests were performed at a catalyst bed
temperature of 400 ◦C, but in this case the MoO3 was reduced for 1 hr before the first cellulose
injection (Figure 4.4A). At the first cellulose injection, apart from CO and CO2, no other
oxygenated products were observed. Instead, the same alkanes and aromatics were obtained
at relatively similar yields as was observed previously in Figure 4.3. Only a small amount of
alkenes (<3 C%) was observed for the first injection. After the first injection, the alkene yields
along with the CO and CO2 yields decreased to nearly zero, which was coupled with notable
increases in the yields of ethane and butanes, and smaller increases in n-hexane and aromatic
yields. For injections 2-4, the yields of each of the hydrocarbons remained relatively constant.
It has been shown in the literature that the MoO3 catalyst deactivates due to the formation of
inactive MoO2 [82, 113]. At 400
◦C, Prasomsri et al. found MoO3 to rapidly deactivate within
the first 3 hr on stream in m-cresol HDO [113]. In this study, the catalyst was found to retain
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Figure 4.3: Product distribution from HDO of cellulose pyrolysis vapors at 400 ◦C. Reaction
conditions: 500 ◦C pyrolysis, 60 mL/min 1:1 v/v He:H2 flow (1.8 bar Ptotal), no catalyst pre-
reduction.
a similar activity level through 4 cycles under H2 flow (Figure 4.4). For additional cycles the
formation of some hydrocarbon products (i.e., C5+) decreased with each subsequent injection
(Figure 4.3). However, for other products, such as for C4 and lighter, the yields remained
relatively constant through 10 cycles.
The HDO of lignin (Figure 4.4B) and corn stover (Figure 4.4C) was performed using the
same reaction conditions as the HDO of cellulose. That is, a reaction temperature of 400 ◦C
was used with the MoO3 being pre-reduced for one hour before the first injection. As was the
case with cellulose, none of the oxygenates (except for CO and CO2) seen in the control case
were observed in the first feed injection or any subsequent injection.
In each feedstock, CO and CO2 were present in the first injection, along with methane, but
the yield of ethane was relatively low. After the first injection, CO and CO2 yields decreased
to near zero, while methane and ethane yields greatly increased.
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Figure 4.4: Product distribution from the HDO of pyrolysis vapors from (A) cellulose, (B)
lignin, and (C) corn stover. Reaction conditions: 500 ◦C pyrolysis, 400 ◦C catalyst bed, 60
mL/min 1:1 v/v He:H2 flow (1.8 bar Ptotal), 1 hr catalyst pre-reduction.
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For all feedstocks, the formation of linear alkanes appeared to be much more favored than
the formation of branched alkanes. From cellulose, the yields of n-butane were ∼10-14 times
greater than for i-butane, and n-pentane yields were ∼2-5 times greater than i-pentane yields.
For lignin, the yields of n-butane and n-pentane were 2-4 times greater than i-butane and i-
pentane, respectively. For cornstover, the ratio between n-butane and i-butane was around 5-7
while the ratio between n-pentane and i-pentane was around 2-3, which was directionally similar
to the additive results from cellulose and lignin. For C6 compounds, only the linear n-hexane
was identified, and not any branched isomers. In a high pressure deoxygenation study using
a Pt-Mo/MWCNT catalyst, the yields of n-alkanes were even greater than i-alkanes, where
n-butane and n-pentane yields were 26 and 14 times higher than their respective i- isomers
from a cellulose feed [124]. Venkatakrishnan et al. also observed cyclic alkane products, i.e.,
cyclopentane and cyclohexane derivatives, in addition to the n- and i- isomers [124]. However,
in this study there were no detectable cyclic alkane products.
Among the aromatic products, benzene and toluene were obtained in similar yields and
accounted for the bulk of the aromatics yield from cellulose, representing 70-80% of the total
aromatic yield. In lignin and cornstover HDO, benzene and toluene were also the predominant
aromatics (50-60% of the total aromatics), however, ethyl benzene (20-25%), and to a lesser
extent the xylenes (combined 8-15%), comprised a noticeable fraction of the total aromatic
yield, too.
The yield of larger hydrocarbon products (C4+) was 44-53 C% from cellulose. The respective
yields from lignin and corn stover were slightly lower at 16-23 C% and 15-26 C%. These yields,
obtained at a low hydrogen pressure, are comparable to the high pressure hydrodeoxygenation
study of Venkatakrishnan et al., where the C4+ yield was 55 C% from the cellulose feed and
32.1 C% from the poplar feed. [124].
The measured coke yields were relatively significant upon the first injection for all of the
feedstocks, where the yield was ∼14-24 C%. Subsequent injections resulted in much less ad-
ditional coke formation. Catalyst coking did not appear to inhibit catalyst performance, as
hydrocarbon yields were higher for the 2nd injection than for the 1st, and remained relatively
high for the 3rd and 4th injections.
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The majority of the products appeared to evolve from the catalyst bed fairly rapidly, how-
ever a small portion of the compounds was slower to react/desorb. The low, background stream
of products resulted in a raised baseline and noticeable peak tailing in the MS and FID chro-
matograms, especially for the lower boiling point compounds. In cellulose HDO, the baseline
returned to normal ∼15-20 min post-injection, but for lignin HDO, the baseline normalized
much faster, ∼5-10 min post-injection. For corn stover, the baseline normalized after about
10-15 min. Prasomsri et al. previously showed that HDO of furanic compounds, which are
major products from cellulose pyrolysis, occurred at a lower rate than for the non-furanic com-
pounds [82]. Although, the measured specific HDO rate of the lignin model compound, anisole,
was only slightly higher than the furanic compounds [82]. Therefore, the prolonged elevated
baseline from a cellulose injection as compared to a lignin injection, may be due to slower reac-
tion rates for the furanic and other cellulose pyrolytic products (e.g., anhydrosugars) and also
the fact that cellulose contains a greater amount of oxygen than lignin (∼50 wt.% O content
of cellulose pyrolysis vapors vs. ∼33 wt.% for lignin)
The decrease in coke yield for the later injections may also be due to the compounds slowly
evolving off the catalyst bed that were too difficult to quantify. The coke yield was calculated
by measuring the total amount of CO2 generated during oxidative treatment following an
injection and then subtracting the coke yields from previous injections to find the coke yield
for the injection of interest. If carbon on the catalyst surface had desorbed at some point, then
coke yields for the later injection would be underestimated. Some coke may also have been
oxidized from the catalyst between pyrolysis experiments. After the completion of one run, the
reactor was opened to retrieve the sample cup and load in the sample cup for the next run. In
the process, a small amount of air may have entered the reactor and been swept through the
catalyst bed. Under the current experimental conditions, it was too difficult to measure if any
CO2 had come off the catalyst bed during this action. The unaccounted fraction is hypothesized
to mainly include the slowly evolving products that were too difficult to accurately quantify
and the coke lost between experiments.
The hydrogen consumption was calculated from the product distributions for each injection
of the feed. Generally, about 0.05-0.15 g H2 was consumed per g feedstock. The H2 consumption
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was comparable to the 0.05 g H2/g feed consumption reported by Venkatakrishnan et al. for
cellulose and poplar HDO [124]. The higher H2 consumption reported in this study may be
related to the higher yields of shorter chain hydrocarbons, which will consume a slightly higher
amount of hydrogen to form. Although, in this study only aromatics were detected and not
cyclohexane or any other saturated cyclic compounds as was observed by Venkatakrishnan et
al. [124]
Conclusion
The ex situ hydrodeoxygenation of cellulose, lignin, and corn stover pyrolysis vapors was
performed using low pressure H2 and a MoO3 catalyst. The MoO3 catalyst was found to be very
effective at producing hydrocarbons at higher yields than have been previously reported for ex
situ HDO of bio-oil when a catalyst bed temperature of 400 ◦C was used prior to condensation.
An initial induction period was needed to reduce the catalyst to a more active form in order to
fully deoxygenate the pyrolysis vapors from the first feed injection. The products consisted of
mainly linear alkanes (C1 to C6) and aromatics with the total hydrocarbon yield being ∼75-90
C% from the volatile pyrolysis products (excluding char) for the three feedstocks. Even though
high catalyst loadings were used in this work and further optimization is required, this catalytic
system exhibits potential for hydrodeoxygenation in biomass pyrolysis.
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CHAPTER 5. LOW PRESSURE, VAPOR PHASE
HYDRODEOXYGENATION OF CELLULOSE PYROLYSIS MODEL
COMPOUNDS USING MOLYBDENUM OXIDE
Introduction
Interest in producing renewable fuels and chemicals from lignocellulosic biomass has been
considerably increasing in recent years due to concerns over climate change, energy security,
dwindling petroleum reserves, and political mandates among others [7, 8, 9, 10, 11, 12]. Biomass
could be converted through a variety of different routes to produce fuels and chemicals. Among
which, fast pyrolysis is a promising technology that is able to rapidly convert solid, lower
density biomass mainly into a denser liquid bio-oil. However, bio-oil contains high amounts of
oxygen (∼40 wt.%), water (20-30 wt.%), and acids (pH 2-3), as well as reactive species that
could polymerize with time leading to an increase in viscosity, average molecular weight, and
possible phase instability [18, 27, 31, 32, 33, 76]. Therefore, in order to utilize existing refinery
infrastructure, these adverse bio-oil properties would need to be addressed.
Upgrading bio-oil could be accomplished by selectively removing certain target molecules.
For example, Zhang et al. used a calcium carbonate adsorbent for the vapor phase removal of
the carboxylic acids [80]. More effectively, though, would be to totally deoxygenate the bio-oil.
Through total deoxygenation, a more stable, non-corrosive, less viscous, petroleum-miscible
hydrocarbon product with a higher heating value could be obtained.
Two main approaches have been explored to catalytically deoxygenate biomass pyrolysis
oil [4]. The first strategy involves condensing the pyrolysis vapors into bio-oil and subsequently
Reproduced from Ref. [171].
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hydrotreating the bio-oil in order to stabilize the oil or fully deoxygenate it to form hydrocar-
bons. Comprehensive reviews on bio-oil hydrotreating have been recently published [78, 88],
though in short, hydrotreating condensed bio-oil presents some notable difficulties. The high
reactivity of some bio-oil compounds and their ability to polymerize necessitated the use of
multiple upgrading steps operated at different temperatures. Although, even with multiple
temperature stages, heavy tar or coke formation could plug the reactor resulting in high pres-
sure drops. In addition, each upgrading stage usually employed high pressures of >1000 psi
and in some cases high yields of CO, CO2, and coke were obtained at the expense of oil yield.
The catalysts that have been tested include noble metals, which may be cost-prohibitive to
use industrially, and transition metal sulfides, which may require a H2S co-feed to maintain
catalytic activity.
A more advantageous upgrading strategy would be to upgrade the pyrolysis vapors wherein
a stabilized, deoxygenated bio-oil could be obtained upon condensation. Vapor phase deoxy-
genation could be achieved by co-feeding biomass and catalyst into the pyrolysis reactor (in
situ) or placing the catalyst in a separate reactor downstream from the pyrolyzer (ex situ). In
situ upgrading has the benefit of requiring the use of a single reactor and being more process
intensive, while ex situ upgrading allows for the use of different operating conditions in each
reaction step.
Common petroleum refinery catalysts, such as zeolites, have been tested for the deoxygena-
tion of biomass pyrolysis vapors. HZSM-5 has been found to be able to generate aromatics in
the catalytic fast pyrolysis of cellulose, hemicellulose, and lignin [90]. However the hydrocarbon
yields were low, <30 C%, while coke yields were as high as 80 C%. Carlson et al. reported
a similar trend in the catalytic fast pyrolysis of cellulose and biomass where aromatic yields
were <30 C% and CO, CO2, and coke yields were significant [92]. Even though zeolites and
other silica alumina catalysts have been found to give low to moderate hydrocarbon yields,
they had also been found to rapidly deactivate due to loss of acid sites or coking and had poor
hydrothermal stability [93, 94, 95, 96]. In addition, by performing the catalytic fast pyrolysis in
an inert atmosphere a noticeable amount of deoxygenation occurred through decarbonylation
(CO) and decarboxylation (CO2) leading to low hydrocarbon yields.
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An alternative deoxygenation route would be to perform the catalysis in a hydrogen at-
mosphere to facilitate the hydrodeoxygenation (HDO) of the pyrolysis vapors. In a hydrogen
atmosphere, dehydration (H2O) could be the primary method of oxygen removal, which in
turn would maximize the product carbon yield. A diverse array of catalysts have been in-
vestigated in the literature for HDO effectiveness including transition metal carbide, nitride,
phosphide, and sulfide, and noble metal catalysts, which have been reviewed in a recent publi-
cation [79]. Bhan et al. have carried out deoxygenation studies of pyrolysis compounds using
Mo2C [115, 116, 117, 118]. The catalyst was found to be much more selective towards C=O
bond cleavage than C-C bond cleavage, as evidenced by the higher conversion of furfural to
2-methylfuran (55-70% selectivity) versus furan (<1%) [116]. Using anisole as the feed, the
catalyst was found to be selective towards cleavage of the Caromatic-O bond over the Cmethoxy-
O bond. The selectivity towards benzene was >90% while phenol selectivity was <1% [117].
However, the Mo2C was found to be active for hydrogenation to saturated products. From
anisole, the selectivity to cyclohexane and methylcyclopentane was up to 10% [117]. Alkene
hydrogenation was more dramatic in acetone hydrodeoxygenation, where propane was obtained
at a selectivity of over 80% [115]. These model compound studies show Mo2C is a promising
biomass HDO catalyst, however further studies will be needed with biomass pyrolysis vapors
as the feedstock. Also, it would be more advantageous economically if hydrogen efficiency was
maximized by minimizing hydrogenation reactions and maximizing alkene and aromatic yields.
Another interesting class of catalysts are transition metal oxides. Using monooxygenate
pyrolysis model compounds having ketone, furan, or Caromatic-O oxygen functionality, Roma´n-
Leshkov et al. have found MoO3 to be an effective catalyst in directly hydrodeoxygenating
oxygenates to yield alkenes and aromatics at high selectivity [82, 113, 114]. The HDO was
performed at relatively mild temperature of 400 ◦C and atmospheric hydrogen pressure. In
general, the dominant hydrocarbon products were unsaturated alkenes or aromatics, which
generally contained the same number of carbon atoms as the starting reactant. From the non-
aromatic model compounds, the selectivity to hydrocarbons was >98%. Under the reaction
conditions, the aromatic model compounds could be partially deoxygenated to form mainly
phenol or anisole, or totally deoxygenated to benzene or toluene. Further, supporting MoO3
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on TiO2 or ZrO2 gave an increased reaction rate for m-cresol deoxygenation, while maintaining
a high selectivity to hydrocarbons. Using a support was found to prolong catalyst activity
as compared with bulk MoO3. The support was hypothesized to have stabilized the Mo
5+
oxidation state, which was the proposed active species. For all of the tested model compounds
and catalysts, the amount of carbon that was converted to coke was minimal and CO and CO2
were not detected.
Scaling up to the full suite of pyrolysis vapors from cellulose, lignin, or corn stover feedstocks,
we have previously shown that MoO3 was found to be able to effectively catalyze the formation
of alkanes and aromatics [165]. It can be seen that MoO3 is a promising catalyst for biomass
vapor phase hydrodeoxygenation, however, in our initial work high catalyst loadings were
employed which resulted in the saturation of all alkenes to alkanes. Therefore, in this work
we looked at the HDO of cellulose pyrolysis vapors at lower MoO3 loadings as a means of
increasing alkene yields. Further, simplified model compounds were investigated in order to
gain a more fundamental understanding of general reaction pathways and relative reactivities
of different oxygen moieties to hydrodeoxygenation. Herein, model compounds containing a
single or multiple oxygen atoms and functional groups were used as the feedstock. These
model compounds, representative of low molecular weight pyrolysis compounds, furanic, and
anhydrosugar cellulose pyrolysis products, were hydrodeoxygenated over a MoO3 catalyst under
a low pressure H2 atmosphere. The model compounds included simpler C4 monooxygenates as
well as major cellulose pyrolysis products, such as methyl glyoxal (MG), glycolaldehyde (GA),
5-hydroxymethylfurfural (5-HMF), and levoglucosan (LG). Finally, a preliminary investigation
was performed on the acidity on fresh and reduced MoO3 through 1-butene isomerization and
temperature programmed desorption (TPD) experiments.
Experimental Methods
Cellulose (Sigmacell 50), levoglucosan (99%), furfural (99%), 5-hydroxymethylfurfural (99%),
glycolaldehyde, methyl glyoxal (40% in water), and butanal (>99%) were purchased from Sigma
Aldrich and 1-butanol, 2-butanol, methyl ethyl ketone, furfural, furan, and tetrahydrofuran
were purchased from Fisher Scientific as Certified ACS grade. For TPD experiments, pyri-
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dine (Certified ACS, Fisher Scientific) was used. All reactant chemicals were used as received.
n-Butane (2% in He) and 1-butene (2% in He) were obtained from Airgas.
The molybdenum(VI) oxide (>99%, Sigma Aldrich) catalyst was pelletized and sieved to
30-100 µm particles and then calcined at 550 ◦C for 3 hr before use.
Tandem Pyrolyzer-GC-MS/FID/TCD
The hydrodeoxygenation experiments were carried out using a single-shot tandem micropy-
rolysis system (Rx-3050tr, Frontier Labs, Japan) and analyzed by gas chromatography-mass
spectrometer/flame ionization detector/thermal conductivity detector (GC-MS/FID/TCD),
which has been described previously [165]. In this work, the top pyrolysis reactor was main-
tained at 500 ◦C for a cellulose injection or 300 ◦C for the model compounds. For experiments
using a solid as a feedstock, the reactant was added into stainless steel sample cups and loaded
into the reactor. Typical sample masses were 0.3 mg for cellulose and 0.1-0.2 mg for 5-HMF,
GA, and LG. For liquid or gas reactants, a syringe could be inserted through a septum and
the feed injected into the top reactor. The carrier gas flow rate was 120 mL/min of H2. The
second reactor, situated ex situ of the pyrolysis reactor, contained quartz tubes loaded with
the catalyst. Sand (50-100 mg) was mixed with the molybdenum oxide (0.6-60 mg) to prevent
channeling or bypass flow. The catalyst bed reactor was maintained at 400 ◦C. Before intro-
duction of feed, catalysts were pre-reduced in situ for 1 hr. After a feed injection, coke yields
were measured by quantifying the CO2 generated during oxidative treatment of the catalyst at
550 ◦C using a 60:1 He:air carrier gas mixture.
The GC (Agilent 7890B) separation was completed using an initial oven temperature of
30 ◦C for 7.5 min followed by ramping at 10 ◦C/min to 300 ◦C. Condensable species were
separated using a medium polarity 1701 column (Agilent VF-1701ms) and identified by MS
(Agilent 5977A) and quantified using FID. The light gases and hydrocarbons were separated
using a GasPro column (Agilent GS-GasPro) and quantified using TCD.
The conversion of reactant, and selectivities and yields of products are presented on a carbon
basis, which were defined as:
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Conv.(%) =
carbon mass of consumed reactant
carbon mass in reactant feed
× 100% (5.1)
Select.(%) =
carbon mass of product
carbon mass of consumed reactant
× 100% (5.2)
Y ield(C%) =
carbon mass of product
carbon mass in reactant feed
× 100% (5.3)
Temperature Programmed Desorption (TPD)
TPD experiments were completed in situ using the tandem pyrolyzer-GC-MS/FID/TCD
system described above. Pyridine was used as a qualitative assessment of the strength and
number of Brønsted and Lewis acid sites. For a TPD experiment, a catalyst bed containing
fresh MoO3 was loaded into the reactor. To reduce the catalyst, the bed was held at 400
◦C
under 120 mL/min of H2 flow for 1 hr. For the fresh catalyst or after reducing the catalyst, the
gas flow was maintained at 60 mL/min of He and the catalyst bed was held at a temperature
of 150 ◦C for 1 hr to remove any adsorbed water. Next, successive pulses of 0.5 µL of pyridine
(3 µL total) was injected. The catalyst was then held overnight (18 hr) at 150 ◦C to ensure
equilibrium and the removal of excess sorbent. Finally, the temperature was ramped at 10
◦C/min from 150 ◦C to 700 ◦C. Pyridine desorption could be detected by FID as well as with
the MS monitoring the 79 m/z pyridine fragment.
X-Ray Photoelectron Spectroscopy (XPS)
XPS experiments were performed using an Amicus ESCA 3400 instrument containing dual
Al/Mg anodes (Al Kα 1486.7 eV or Mg Kα 1253.7 eV). For the reduced or post-reaction samples,
the catalyst was first cooled in the reactor under He flow to at least 30 ◦C and then passivated
for 2 hr in a gas mixture of 1.7% air in He at 61 mL/min. For each spectra, the binding energies
were corrected to 285 eV (C 1s). Three fitting constraints were applied to each doublet to aid
in peak deconvolution: a peak area ratio for Mo 3d3/2 to Mo 3d5/2 of 1:1.5, equal full width
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at half maximum for Mo 3d3/2 and Mo 3d5/2, and the Mo 3d3/2 and Mo 3d5/2 doublet peaks
were split by 3.15 eV.
Results
HDO of Cellulose Pyrolysis Vapors
Figure 5.1: Hydrodeoxygenation of cellulose pyrolysis vapors over MoO3 at different
MoO3:cellulose mass loadings. The detailed product distribution can be found in Table A.24.
Reaction conditions: 120 mL/min H2, 0.3 mg cellulose, 500
◦C pyrolysis, 400 ◦C catalyst bed,
catalyst pre-reduced 1 hr.
Initial work from our group had found MoO3 to be effective at hydrodeoxygenating pyrolysis
vapors from cellulose, lignin, and corn stover [165]. However, high catalyst loadings of ∼700:1
were used, which resulted in complete saturation of alkenes to alkanes, though it should be noted
that aromatics were not hydrogenated to cyclic alkanes. Preferably, the hydrocarbon product
would predominately include unsaturated alkenes and aromatics as the major products, with
the advantages being the HDO process would have a greater hydrogen efficiency and generate
higher value products. Therefore, a reduction in the catalyst amount was investigated at four
different MoO3:cellulose loadings (2:1, 10:1, 20:1, 200:1) to find if an increase in alkene yield
94
could be obtained (Figure 5.1). The highest loading of 200:1 yielded similar results to previous
work in that alkanes and aromatics were the dominant products [165]. Although, alkenes
were produced as minor products at 4 C% overall. Decreasing the MoO3 mass by an order of
magnitude to 20:1 resulted in a higher yield of alkenes of 14 C%, but alkanes were still a major
product. The highest alkene yield of 19 C% was achieved from a loading of 10:1. At the lowest
tested loading, 2:1, the alkene yield was also about 19 C%, similar to the yield from the 10:1
loading, however the pyrolysis vapors were not totally deoxygenated. The yield of oxygenates
was 50 C% and included various furanics, anhydrosugars, and low molecular weight pyrolysis
compounds.
The cellulose pyrolysis product distribution has been shown to contain products with a
diverse array of oxygen functionalities, including carboxylic acids, alcohols, aldehydes, ethers,
ketones, furans, and others [18, 27, 28]. This diversified product distribution could be entirely
deoxygenated provided the catalyst loading is sufficiently high enough (Figure 5.1). However,
deoxygenating the full product slate from cellulose pyrolysis makes it too difficult to examine
the general reactivities and reaction pathways of the various pyrolysis compounds. Therefore,
the use of model compounds could facilitate a better understanding of the HDO reaction and
possibly aid in engineering increased alkene yields and hydrogen efficiency.
HDO of C4 Monooxygenates
Previously, MoO3 has been used in the HDO of ketone (acetone, 2-hexanone, and cyclohex-
anone) and furan (2-methylfuran and 2,5-dimethylfuran) pyrolysis model compounds [82]. In
this study, the model compounds have been expanded to include C4 compounds having alcohol
(1-butanol and 2-butanol), carbonyl (butanal and 2-butanone), carboxylic acid (butyric acid),
or ether (tetrahydrofuran (THF)) functional groups (Table 5.1).
The conversions for the alcohol-containing model compounds were near 100%, while the car-
bonyl and carboxylic acid-containing compounds had conversions around 50-60%. The ether
model compound, THF, had the lowest conversion at ∼28%. The oxygenate reactants were
found to be effectively deoxygenated to primarily aliphatic hydrocarbons, as the selectivity
to alkenes and alkanes was generally >90%. In all cases, the selectivity towards alkenes was
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Table 5.1: The selectivities (%) and yields (C%) of products from the HDO of C4 model
compounds. Reaction conditions: 120 mL/min H2, 0.2 µL feed injection, 0.8 mg MoO3, 400
◦C catalyst bed, catalyst pre-reduced 1 hr.
Feed 1-Butanol Butanal Butyric Acid 2-Butanol 2-Butanone THF
Conversion (%) 99.7 52.4 62.6 99.9 55.5 28.2
Select. to Alkanes (%) 47.8 46.5 25.6 35.2 27.4 48.8
Select. to Alkenes (%) 48.6 46.0 30.6 63.1 68.5 49.9
Yield (C%)
Hydrocarbons
C1-C3 7.3 4.5 9.3 3.5 2.6 5.1
Butanes/Butenes 85.0 37.4 25.8 91.3 42.5 17.8
C5+ 0.1 4.6 0.3 0.1 2.7 0.1
Oxygenates
1-Butanol - 2.6 0.5 0.0 0.0 0.0
Butanal 2.8 - 17.4 0.0 0.0 0.0
2-Butanol 0.0 0.0 0.0 - 0.5 0.0
2-Butanone 0.0 0.0 0.0 0.4 - 0.0
CO/CO2 0.2 0.2 0.8 0.6 0.3 0.1
Coke 0.4 0.1 0.7 0.6 1.1 0.2
Total C Balance (C%) 96.2 97.9 93.0 96.6 94.5 95.0
about equal to or greater than to alkanes. In the extreme case, from 2-butanol and 2-butanone,
the alkene selectivity was ∼30-40% higher. Only butyric acid gave a lower selectivity to hy-
drocarbons (55%), which was due to the higher yields of oxygenated products, CO/CO2, and
self-condensation products (C8 ketones and ester).
The product hydrocarbons were found to generally contain at least the same number of
carbon atoms as the original reactant. From the alcohol-containing model compounds, 92-96%
of the hydrocarbons were C4 products. Among the remaining C4 model compounds, a lower
selectivity to butanes and butenes was observed, although they were still the major hydrocarbon
product.
Carbon-carbon bond coupling reactions were found to be minimal, as the yields of pentanes
and larger aliphatics was generally <1 C% and aromatic products were not detected. Although,
some C8 condensation products were detected, with the highest yield being obtained from
butanal at about 5 C%.
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In terms of carbon-carbon bond cleavage, 1-butanol and 2-butanol were found to have the
lowest degree of chain cleavage, giving ∼85-90 C% yield of C4 products. The carbonyl com-
pounds, butanal and 2-butanone, and ether compounds, THF, showed a higher degree of C-C
cleavage as the C4 selectivity was 70-90%. C-C bond cleavage was the most dramatic from
butyric acid where the yield of C1-C3 hydrocarbons was 9.3 C%. Correspondingly, butyric acid
gave the highest observed yields of CO and CO2 at 0.8 C%, indicating decarbonylation and
decarboxylation may have been a more significant deoxygenation pathway. However, examina-
tion of the model compounds found no discernible trend between CO/CO2 and C1-C3 yields,
meaning other reactions involving C-C bond cleavage may have occurred. There was a minimal
loss of carbon to coke, as coke yields were <1.1 C% for all tested compounds.
Hydrogenation and dehydrogenation products were observed for carbonyl and alcohol reac-
tants, respectively. For example, 1-butanol was a product in butanal HDO, and butanal was
identified as a product in 1-butanol HDO. The same trend was observed with 2-butanol and
2-butanone. In butyric acid HDO, the partially deoxygenated butanal was a major product.
Conversely, butanal and 1-butanol were not observed to be oxidized to butyric acid by the
catalyst.
HDO of Cellulose Pyrolysis Model Compounds
In cellulose pyrolysis, furanic compounds can account for ∼6 wt.% of the products [48]. In
this study, three of the more prominent furanic pyrolysis products, furan, furfural, and 5-HMF,
were investigated (Table 5.2). Among the furanic compounds, furan exhibited the lowest con-
version at 22.3%. Furfural and 5-HMF had higher conversions at 83.7% and 100%, respectively,
although, they also gave a high yield of oxygenates (40-50 C%). These oxygenates included 2-
methylfuran from furfural and 5-HMF and 2,5-furandicarboxaldehyde, 2,5-dimethylfuran, and
5-methylfurfural from 5-HMF. In fact, all of the oxygenated products contained a furan ring,
while no aliphatic oxygenates were detected. As a result of the higher oxygenate yields, the
overall selectivities to hydrocarbons from furfural and 5-HMF were lower than from furan. For
furfural and 5-HMF, hydrocarbon selectivity was 25-35%, and for furan the selectivity was
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Table 5.2: The selectivities (%) and yields (C%) of products from the HDO of furanic, low
molecular weight, and anhydrosugar-based cellulose pyrolysis model compounds. Reaction
conditions: 120 mL/min H2, 0.2 µL or 150-200 µg feed injection, 0.8 mg MoO3, 400
◦C catalyst
bed, catalyst pre-reduced 1 hr.
Feed Furan Furfural 5-HMF MG GA LG
Conversion (%) 22.3 83.7 100.0 95.3 100.0 100.0
Selectivity to Alkanes (%) 37.7 10.5 17.7 6.0 31.7 17.5
Selectivity to Alkenes (%) 45.5 13.5 18.0 8.6 20.1 13.6
Yield (C%)
Hydrocarbons
Methane 1.5 1.3 6.0 0.1 5.2 -b
Ethane/Ethylene 1.5 1.0 0.3 0.7 29.9 3.1b
Propane/Propylene 4.2 2.4 3.8 9.8 3.9 4.1
Butanes/Butenes 11.2 4.2 5.3 2.5 11.7 7.2
Pentanes/Pentenes 0.1 9.9 1.6 0.5 0.7 9.6
Hexanes/Hexenes 0.0 0.1 18.8 0.3 0.3 7.0
Aromatic 0.0 0.0 0.0 0.0 0.0 4.0
Oxygenatesa 0.0 49.7 40.3 73.3 29.7 0.0
CO/CO2 0.6 0.9 1.7 4.1 4.3 -
b
Coke 0.7 9.5 13.7 6.0 11.1 5.8
Total Carbon Balance (C%) 97.5 95.5 91.3 101.7 97.0 40.9
aOxygenates include all products containing oxygen except CO/CO2, a full list of which can
be found in Table A.25. bBroad chromatogram peaks and significant peak overlapping made
it too difficult to quantify CO/CO2, Methane, and Ethane. Ethylene could be quantified.
83.2%. As with the C4 monooxygenates, the selectivity from the furanics towards alkenes was
similar or greater than the selectivity towards alkanes.
Furan and THF can be compared to see the effect of having unsaturated bonds. THF gave
a slightly higher conversion, but both were low, <30%. Unsurprisingly, a higher selectivity
towards alkenes was achieved with furan, considering it contains unsaturated carbon-carbon
bonds while THF does not. A higher yield of C4 products was obtained from THF (17.8 C%)
as compared with furan (11.2 C%), demonstrating carbon-carbon bond cleavage was more
prevalent in furan HDO. One possible means of reducing the carbon chain length in furan
HDO may have been through the production of CO/CO2 where the yield was higher from
furan than the CO/CO2 yield from THF. The coke yields for furan and THF were minor at
<1 C%.
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Furfural and furan were compared to see the effect of adding a carbaldehyde group to
the furan ring. The carbonyl group was found to be more reactive, however the selectivity
to hydrocarbons was 24% due to the lower degree of furan ring deoxygenation and higher
oxygenate yield. The C4 carbonyl compounds were found to be hydrogenated to a minor degree
to alcohols, however the furfural hydrogenation product, 2-furanmethanol, was not observed.
Instead, the oxygenated product was mainly 2-methylfuran (45.9 C%) and a minor amount of
furan (3.4 C%) and larger condensation products (0.4 C%). The yield of CO and CO2 was
slightly higher at 0.9 C%.
5-HMF is a doubly substituted furan, containing a carbaldehyde group bonded to the 2-
carbon, same as furfural, and a hydroxymethyl group bonded to the 5-carbon. The HDO of
5-HMF was found to proceed similarly to that of furfural, in that the ring-substituents were
more readily converted or deoxygenated over the furan ring oxygen atom. In the case of 5-
HMF, 2,5-dimethylfuran was the major product (33.9 C%), though 2-methylfuran (5.0 C%
) and 5-methylfurfural (1.4 C%) were also detected. As with furfural, no alcohol-containing
oxygenates were observed from 5-HMF HDO.
Two low molecular weight cellulose pyrolysis products were investigated, methyl glyoxal
(MG) and glycolaldehyde (GA). MG, a 3-carbon molecule containing ketone and aldehyde
functional groups, was nearly fully converted over the catalyst bed and found to afford par-
tially deoxygenated compounds and fully deoxygenated compounds as major products. These
products included acetone (58.8 C%), propanal (9.4 C%), propane (4.2 C%) and propylene (5.6
C%). In contrast with the C4 model compounds, no carbonyl hydrogenation products were
detected (e.g., no propanol or hydroxyacetone was detected). CO/CO2 formation was also
significant at a yield of 4.1 C%. In conjunction with C-C bond cleavage to form CO and CO2
was the formation of acetaldehyde (5.2 C%) as well as a low yield of C1 and C2 hydrocarbons.
C-C bond coupling was observed to have occurred to form C4-C6 hydrocarbons at a combined
yield of 3.3 C%.
GA, a 2-carbon molecule with hydroxy and aldehyde functionality, was fully converted over
the MoO3 catalyst. The hydrocarbon yield was 51.8 C% with the remaining carbon being
converted to oxygenates (29.7 C%), CO and CO2 (4.3 C%), and coke (11.1 C%). Ethane and
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ethylene were the dominant hydrocarbon products, although larger chain C3-C4 hydrocarbons
were produced in elevated yields. The yield of ethane was 20.2 C% and of ethylene was 9.7
C%. Among the oxygenates, acetaldehyde was the dominant product at 23 C%. Acetone and
furan were also formed at about 3.4 C% each. Ethylene glycol or glyoxal were not detected.
The yield of coke was also fairly high at 11.1 C%.
Levoglucosan is the major product from cellulose pyrolysis with its yield typically being
50-60 wt.%. It was found to be fully converted over the MoO3. The HDO products were found
to evolve off the catalyst bed at a slower rate leading to broad chromatogram peaks and some
significant peak overlapping. As such, it was not possible to accurately measure the yields
of the products that eluted out at the early retention times, namely CO/CO2, methane, and
ethane. The ethylene peak was also broad, but did not overlap with other peaks so its yield
could more easily be quantified. These unquantified products were likely the majority of the
59.1 C% of unaccounted carbon in the total carbon balance.
Levoglucosan, along with GA, gave a higher selectivity towards alkanes over alkenes, though
LG was the only model compound to generate aromatic products. Of these alkanes, n-pentane,
n-butane, and propane were all obtained in noticeable yield. The alkenes of note included
butenes and propylene. Pentenes and hexenes were also observed, but were in low yield at 3.9
C% and 2.0 C%, respectively. The aromatic products were mainly benzene and toluene, but
xylenes, ethyl benzene, and other larger monocyclic aromatics were detected. No oxygenated
compounds were detected. The coke yield was 5.8 C% and was intermediate to the other
pyrolysis model compounds.
Characterization of Fresh and Used MoO3
From the hydrodeoxygenation of the C4 monooxygenates, three butene isomers, 1-butene,
trans-2-butene, and cis-2-butene, were always observed in the product streams. Even from
the feedstocks that contained the oxygen functionality bonded to the primary carbon. For
example, deoxygenation of 1-butanol would produce 1-butene, but the mixture of isomers was
detected. If the isomerization of butene had occurred, it could be used to understand the
nature of active sites and if they are acidic or basic [172]. The interconversion of 1-butene,
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Table 5.3: The yields (in C%) of butenes and butanes from the injection of 1-butene or n-
butane over molybdenum oxide. Reaction conditions: 120 mL/min H2, 1 mL feed injection,
0.8 mg MoO3, 400
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Figure 5.2: Pyridine TPD measurements of the acidity of fresh (blue) and reduced (orange)
MoO3 samples. Reduction conditions: 120 mL/min H2, 400
◦C, 1 hr.
cis-2-butene, and trans-2-butene could be catalyzed by solid acids or bases, though the product
selectivities will be different if the isomerization is acid-catalyzed versus base-catalyzed. The
acid-catalyzed isomerization of 1-butene will proceed through a 2-butyl cation and yield a
cis/trans product ratio close to 1, while the base-catalyzed isomerization will go through an
allylic carbanion intermediate and give a cis/trans ratio higher than 1. In this study, reduced
MoO3 was found to produce cis- and trans-2-butene in about equal amounts with the cis/trans
ratio being 0.9 (Table 5.3), indicating the isomerization would more likely be acid-catalyzed
than base-catalyzed.
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A qualitative analysis of the acidity of fresh and reduced MoO3 was performed using pyridine
and n-propylamine TPD (Figure 5.2). Fresh MoO3 was found to only contain a single pyridine
desorption peak at a temperature about 200 ◦C, indicating the presence of weak acid sites.
Another sample of fresh MoO3 was then reduced at 400
◦C under 120 mL/min of H2 flow for
1 hr. The reduced catalyst was found to contain a dramatically increased amount of acidity,
both in terms of the number of acid sites as well as the strength of acid sites. A wide peak was
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Figure 5.3: XPS analysis of the Mo 3d binding energies of A) fresh, B) reduced MoO3, and used
MoO3 samples after C) one cellulose injection and D) four cellulose injections. The reduced
and used samples were passivated at 30 ◦C for 2 hr under 60 mL/min of 1.7% air in He before
removal from the reactor.
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XPS measurements were carried out on fresh, reduced, and used catalyst samples to examine
the distribution of Mo oxidation states on the surface (Figure 5.3). The peaks of the Mo 3d
doublet were positioned at Mo 3d5/2 of 232.7 eV for Mo
6+, 231.3 for Mo5+, and 229.7 for
Mo4+. Fresh MoO3 was found to have been fully oxidized to the Mo
6+ oxidation state, as no
Mo5+ or Mo4+ was detected. Reducing the catalyst under the same conditions as mentioned
previously resulted in a distribution of Mo6+, Mo5+, and Mo4+ phases on the catalyst surface,
although the Mo6+ and Mo4+ oxidation states were found to dominate. More specifically, the
concentrations of Mo6+, Mo5+, and Mo4+ were 53.1%, 2.2%, and 44.7%, respectively. Similar
concentrations of the three Mo oxidation states were observed after one and four cellulose
pulses. No Mo0 metal was detected.
Discussion
The hydrodeoxygenation of acetone has been performed over MoO3 and Mo2C catalysts,
although the reactions conditions were different between the two studies [82, 115]. Both reac-
tions were performed at near atmospheric pressure, but the partial pressures of H2 were varied.
For MoO3, the atmosphere was about 20% H2 and for Mo2C it was about 80% H2, although
the (propylene + propane) formation rate was found to be invariant with H2 partial pressure
over Mo2C. Reaction temperature and catalyst loading was also markedly different. The HDO
with MoO3 was performed at 400
◦C and a contact time of 1.2 gcat(gacetone h−1)−1, while the
reaction with Mo2C was carried out at a lower temperature of 96
◦C and longer contact times
of 1.29-126 gcat(gacetone h
−1)−1.
Nearly full conversion of acetone (96.8%) was achieved with the MoO3 catalyst [82]. The
major product was propylene at 67.2 C-mol% with hexenes (14.0 C-mol%) and butenes (7.9
C-mol%) also being produced among other hydrocarbons. The only oxygenate detected was
hexanone at 0.3 C-mol%. The Mo2C catalyst also achieved a high conversion of acetone [115].
However, the hydrogenation product, isopropanol, was observed to be the major product at
lower catalyst contact times while at higher contact times, propane became the major product.
Propylene was determined to be the intermediate product derived from the dehydration of
isopropanol, and was subsequently hydrogenated to propane.
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In the present study, 2-butanone was the closest analog of acetone. A low yield of 2-butanol
was obtained from 2-butanone, along with both butene and butane, more similar to the results
of Mo2C-catalyzed HDO of acetone. It was postulated by Sullivan et al. that the reaction over
Mo2C proceeded through a sequential hydrogenation of acetone to isopropanol over metallic
sites, followed by dehydration to propylene over Brønsted acid sites, and finally hydrogenation of
propylene to propane over metallic sites [115]. Unfortunately, under the current reaction system,
it was not possible to conclude that 2-butanone followed the same sequential reaction pathway
to form 2-butanol, butene, and butane, only that the results here may be consistent with that
type of reaction pathway. Roma´n-Leshkov et al. have proposed the HDO to occur through a
redox cycle reverse Mars-van Krevelen mechanism [82, 113, 114]. In the mechanism, H2 will
interact with surface oxygen atoms to form water and an oxygen vacant site on the catalyst
that can bind the reactant oxygenate. After chemisorption, the oxygen could be transferred
from the reactant to the catalyst thereby forming the product alkene and an oxidized catalyst.
The necessity of an initial induction time to reduce the catalyst and form oxygen vacant sites in
addition to XPS measurements showing the increased concentration of reduced Mo5+ species,
the proposed active oxidation state, lend credence to the reverse Mars-van Krevelen mechanism.
More complex model compounds, such as furfural, have been investigated in the literature.
Using an acid-base bifunctional catalyst, for example, furfural was mainly decarbonylated to
form furan and CO [173]. However, over Mo2C, deoxygenation to 2-methylfuran became a
dominant reaction pathway, while decarbonylation selecitivity to furan was <1% [116]. The
selectivity to 2-methylfuran was 50-60%, but further deoxygenation to hydrocarbons was not
reported. In this study, MoO3 appeared to be much more selective to 2-methylfuran (58%)
over furan (4.3%), similar to the results with Mo2C.
Examining the degrees of conversion of the C4 model compounds, it can be seen that the
hydroxyl groups were most readily reacted over the catalyst, followed by carbonyl groups,
and then ether linkages. This trend could also be discerned with the three tested furanic
compounds, where the hydroxyl group in 5-HMF was completely reacted, and the carbonyl
group was partially converted, but to a greater degree than the furan ring oxygen. Similar to
this work, Roma´n-Leshkov et al. also found the furan ring deoxygenation to be more refractory
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as compared with carbonyl groups [82]. This order of reactivity of C-OH > C=O > C-O-C
does not follow the trend in bond dissociation energies where C=O (754 kJ/mol) > C-OH (385
kJ/mol) > C-OC (339 kJ/mol) [82].
Cellulose is known to contain all of the oxygen functionalities present in the tested model
compounds. While some of the compounds were seen to give conversions less than 100%, cel-
lulose on the other hand was totally deoxygenated. The major cellulose pyrolysis product,
levoglucosan, was also totally deoxygenated, despite containing two ether linkages. The appar-
ent disparity between the C4 model compounds and cellulose pyrolysis model compounds may
be a result of the inherent transience of the micropyrolyzer system. Upon injection, the C4
model compounds would be readily vaporized and swept onto the catalyst bed. As a result,
the reactant pulse would lead to a higher concentration of model compound passing through
the catalyst bed over a shorter time span. Whereas for cellulose, the volatilization rate may
be slower due to having to heat the pyrolysis sample cup, undergo chain depolymerization and
fragmentation reactions, and vaporization of pyrolysis products. The slower release of volatiles
from a cellulose pulse could lead to a lower concentration of oxygenates passing over the cata-
lyst bed across a longer time span. Effectively, even though catalyst loadings were similar, the
weighted space velocity of oxygenated reactants may have been different among the different
feedstocks. This difference in space velocity may have lead to differing rates of conversion be-
tween the C4 model compounds and cellulose pyrolysis model compounds, despite containing
the same oxygen functionalities.
Molybdenum Oxide Acidity
Haber and Lalik have reported on the isomerization of 1-butene over MoO3 [174]. The
isomerization was performed at a higher temperature (440 ◦C) and an inert atmosphere. Ini-
tially, cis- and trans-2-butene were the major products, although the cis/trans ratio was not
reported. With successive pulses of 1-butene, the catalyst was reduced through the production
of CO and CO2 resulting in a decreased selectivity to 2-butene and acid site density. As the
catalyst was nearly completely reduced to MoO2, 2-butene became the major product again.
In the current study, CO and CO2, butadiene, maleic anhydride, or any other product were
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not detected, in contract with Haber and Lalik. The absence of CO and CO2 may be the result
of performing the reaction in a reducing atmosphere rather than an inert atmosphere. In a H2
atmosphere, there would be a higher degree of surface coverage of protons, which could more
readily lead to formation of the butyl carbocation and prevent the oxidation of butene to CO
and CO2. Haber and Lalik have also shown MoO3 contain Brønsted acid sites through the
isomerization of 3,3-dimethyl-1-butene as a probe reaction [174]. In an inert atmosphere, the
degree of Brønsted acidity was found to decrease as the catalyst was reduced from MoO3 to
MoO2 by the reaction.
Performing pyridine TPD on the fresh catalyst found that weaker acid sites were present
(Figure 5.2). However, upon reducing the catalyst, the number and strength of acid sites was
found to greatly increase. Treating MoO3 with hydrogen will lead to the formation of hydrogen
molybdenum bronzes, HxMoO3 (0.21 < x ≤ 2) [175]. Hydrogen bronzes of Mo and W have
been hypothesized to be the active phases in acrolein hydrogenation, 2-propanol dehydration,
and allyl alcohol hydrodeoxygenation [176, 177, 178]. On the surface, hydrogen can be present
in hydroxyl groups bound to either terminal (Mo=O) or bridging (Mo-O-Mo) lattice oxygen
atoms. These surface hydroxyls will determine the degree of Brønsted acidity of the catalyst.
The removal of oxygen from the catalyst surface through the formation of a water molecule
will produce an oxygen vacant site. These oxygen vacant sites have been proposed to be an
uncoordinated Mo atom (Mo5+) and would act as a Lewis acid and be the active site for
oxygenate adsorption [114, 175].
XPS experiments showed the reduction of MoO3 to create lower oxidation state surface
atoms (Figure 5.3), however the relative concentration of the Mo5+ phase was lower in this
work when compared with the results from Roma´n-Leshkov et al. [113]. Though, Roma´n-
Leshkov et al. only reported XPS results for post-reaction catalysts and hypothesized that
the formation of an oxycarbohydride (MoOxCyHz) phase could improve catalyst stability and
lead to a higher percentage of Mo5+ atoms. In this work, even after four cellulose injections,
the relative concentration of Mo5+ was not more than 2.3%. The lower concentration of Mo5+
may have been due to the fact that cellulose was injected batch-wise in quick pulses and
not continuously. Between the injections, the H2 flow was maintained, which would have
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continuously reduced the catalyst, possibly leading to a higher concentration of Mo4+. Also,
the catalyst was passivated to prepare the sample for XPS analysis, which may have resulted in
oxidation of Mo5+ to Mo6+. Although, there was a noticeable increase in catalyst acidity and
the formation of lower valence Mo oxidation states was observed, which would be consistent
with the hypothesized HDO reaction pathways presented in the literature [113, 175].
Preliminary X-ray diffraction (XRD) tests were performed on fresh and used MoO3 sam-
ples (Figure A.1). However, catalyst beds contained a high loading of sand. The diffraction
peaks from SiO2 overlapped with and overshadowed the peaks associated with the various Mo
phases making it too difficult to discern any trends for the different catalyst samples. In the
literature, it has been found that the bulk structure will transition from MoO3 to MoO2 upon
reduction [113].
The hydrogenation of 1-butene to n-butane was observed over MoO3 (Table 5.3). However,
the reverse reaction, the dehydrogenation of butane to butene, was not as appreciably catalyzed
by reduced MoO3. With a Mo2C catalyst, a similar phenomenon had been observed, whereby in
the deoxygenation of acetone to propylene, the propylene could be hydrogenated over metallic
sites to yield propane [115]. In that work, as the catalyst contact time was increased, the
selectivity to propane increased to nearly 100% at the highest tested time. Previously, our group
has found that high loadings of MoO3 will also produce alkanes at the expense of alkenes [165].
For the adsorbed alkenes, there may be a competition between desorption or hydrogenation to
alkanes. It can be seen that butene could adsorb and be hydrogenated, while butane was not
readily dehydrogenated to butene (Table 5.3). Therefore, using lower catalyst loadings would
seem to facilitate higher alkene yields, while higher catalyst loadings would allow for alkenes
to readsorb and be hydrogenated and result in higher alkane yields. This is in contrast with
earlier work from Roma´n-Leshkov et al. who reported only alkenes as products from the HDO
of ketone and furanic model compounds over MoO3 [82]. The difference may be related to the
analytical methods. In this study, a GS-GasPro GC column was used, which could effectively
separate alkenes and alkanes of the same carbon number and their isomers. In the study by
Roma´n-Leshkov et al., a non-polar DB-5 GC column was used, which may not be able to
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effectively separate light gases. Therefore, if propane had been formed in acetone HDO, it may



























Figure 5.4: Proposed general reaction pathway for HDO over MoO3
The simpler C4 model compounds were found to undergo hydrogenation/dehydrogenation
of carbonyl and alcohol functional groups, deoxygenation to alkenes and subsequent isomer-
ization, and then hydrogenation to alkanes (Figure 5.4). With the more complex cellulose
pyrolysis compounds, the same general reaction pathway was partly apparent. For 5-HMF, the
hydroxyl group was the most readily reacted. The hydroxyl group could be dehydrogenated
to a carbonyl forming 2,5-furandicarboxaldehyde, or deoxygenated to a methyl group to form
5-methylfurfural. The carbonyl oxygen in 5-HMF or furfural was not found to be hydrogenated
to form 2,5-furandiol or furfuryl alcohol. However, it could be deoxygenated to a methyl group
to form 2,5-dimethylfuran from 5-HMF or 2-methylfuran from 5-HMF or furfural. Therefore,
in the grand reaction scheme the hydrogenation/dehydrogenation interconversion between hy-
droxyl groups and carbonyl groups appeared to be minor compared with the deoxygenation
pathway. The main apparent HDO pathway involved oxygenate deoxygenation to alkenes,
isomerization of alkenes, and hydrogenation of alkenes to alkanes (Figure 5.4).
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Conclusion
The hydrodeoxygenation of cellulose pyrolysis model compounds was performed over a
molybdenum oxide catalyst and low pressure hydrogen. From monooxygenate C4 compounds,
the observed reactions included hydrogenation and dehydrogenation of carbonyl and hydroxyl
groups, respectively, as well as deoxygenation to hydrocarbons. The cellulose pyrolysis model
compounds, particularly the furanic and low molecular weight model compounds, underwent
the general reactions during HDO. For example, 5-HMF was converted into 2,5-furandicarboxaldehyde,
5-methylfurfural, 2,5-dimethylfuran, and aliphatic hydrocarbons. Levoglucosan, on the other
hand, did not produce any partially deoxygenated oxygenate products and was found to be
totally deoxygenated to aliphatic and aromatic hydrocarbons. The general reactivity towards
deoxygenation of the oxygen functional groups was found to be C-OH > C=O > C-O-C.
The HDO of C4 model compounds generally yielded a mix of butene isomers and butane.
Injecting 1-butene over the catalyst produced the same butene isomers as well as butane,
showing alkene isomerization and hydrogenation to be catalyzed by reduced MoO3. Further,
1-butene isomerization produced a ratio of cis/trans 2-butene that was more indicative of
the isomerization being acid-catalyzed rather than base-catalyzed. Pyridine TPD experiments
found that reducing MoO3 under H2 flow greatly increased the strength and number of acid
sites of the catalyst as compared with fresh MoO3.
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CHAPTER 6. CONCLUSIONS
The pyrolysis of biomass to generate a liquid product, bio-oil, is seen as a potential re-
placement for petroleum in the production of fuels and chemicals. Major challenges exist in
preventing the use of bio-oil that require further investigation, including finding the effect of
alkali and alkaline earth metals (AAEM) on pyrolysis product distribution and also efficiently
reducing the oxygen content of the bio-oil. The first step in understanding the role of AAEMs
was to first investigate the pyrolysis of neat glucose-based carbohydrates as model compounds
of cellulose. An investigation of the pyrolysis system found there was likely to be negligible
heat transfer limitations when an appropriate sample mass was used (<800 µg). When a larger
sample mass or particle length scale (100 µm thin film) was employed, mass transfer limitations
were found to lead to alterations in the pyrolysis product distribution. The limitations in mass
transfer resulted in higher yields of char and gases at the expense of levoglucosan yield from
cellulose pyrolysis. The same secondary effects were also observed when cellulose char was co-
pyrolyzed with model compounds. These secondary effects involved levoglucosan degradation
to dehydrated pyranose, furans, low molecular weight compounds, and additional char and gas
formation.
The effect of NaCl on the pyrolysis product distribution of glucose-based carbohydrates
was studied using varying amounts of NaCl impregnated on levoglucosan, glucose, cellobiose,
maltohexaose, and cellulose. The presence of NaCl was found to lead to dramatic decreases
in anhydrosugar yields accompanied by increases in low molecular weight products, char, and
gases. The NaCl was also found to cause the degradation of levoglucosan to dianhydroglucopy-
ranose, low molecular weight products, char, and gases.
Cellulose, lignin, and corn stover pyrolysis vapors were hydrodeoxygenated using molyb-
denum oxide (MoO3) in a low pressure hydrogen environment. The catalyst was able to fully
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deoxygenate the biomass pyrolysis to produce hydrocarbons at a 400 ◦C catalyst bed temper-
ature. The catalyst required a pre-reduction step to get to the more active state and give fully
deoxygenated products from the first injection. The hydrocarbon products included mainly
monocyclic aromatics and C1-C6 linear alkanes. The total hydrocarbon yield from the volatile
pyrolysis products (excluding carbon as char) was remarkably as high as 75-90 C% for each
feedstock.
Through the use of simpler C4 monooxygenate model compounds as the feedstock, the cata-
lyst was observed to catalyze hydrogenation and dehydrogenation reactions involving carbonyl
and hydroxyl groups, respectively. In terms of deoxygenative reactivity, hydroxyl-containing
compounds were readily deoxygenated, while carbonyl- and ether-containing model compounds
displayed lower conversions toward deoxygenation. In building in complexity and investigating
cellulose pyrolysis model compounds, the same general reactions and reactivities were observed.
For instance, the hydroxyl group in 5-hydroxymethylfurfural was totally reacted and could be
dehydrogenated to form 2,5-furandicarboxaldehyde, or deoxygenated to 5-methylfurfural. Fur-
ther deoxygenation produced 2,5-dimethylfuran and 2-methylfuran. Complete deoxygenation
afforded a variety of aliphatic hydrocarbons. In general, the trend of oxygen functional group
reactivity over MoO3 was observed to be C-OH > C=O > C-O-C.
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A. Micropyrolysis Product Identification and Quantification
Heat Transfer Calculation in the Micropyrolyzer System
The configuration of reactor center and all symbols in the following equations are shown
in Figure 2.1 and Table A.1, respectively. The heat transfer for helium, the sample cup and
cellulose was calculated at in situ experiment conditions. The helium from the top of the
furnace to the upper edge of the sample cup, represented by length A in Figure 2.1, was
used as the control volume to perform an energy balance calculation to determine whether the
helium in the control volume could be heated up to 500 ◦C within the time of helium passing
through section A. The heating source for helium included convection and radiation from the
quartz tube. The helium flow rate was kept at 103 mL/min during all experiments. The
equations (A.1) - (A.8) and three boundary conditions, (A.9) - (A.11), were used to estimate
the distance needed for helium to reach 500 ◦C. The ideal gas law was assumed for calculating
density and linear velocity of the helium. The Re number calculation suggested laminar flow
so the empirical formula for forced convection in laminar pipe flow (equation A.3) being used
to calculate Nu. For equations (A.5) and (A.6), 523 K was used as the average temperature for
THe. The result demonstrated that approximately 1.2 mm was needed for the helium to heat
to 500 ◦C, which is much less than the length of section A, suggesting that helium should be





Material presented in this chapter has been reproduced in part from [1, 2, 3], copyright 2014 American
Chemical Society, and from Ref. [165] with permission from the Royal Society of Chemistry.
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Table A.1: Nomenclature and values for calculating heat transfer rates in the micropyrolyzer
system.
Property Symbol Value or Unit
Density of He at 273 K [142] ρHe (273 K) 1.786 kg/m
3
Density of cup [142] ρCup 8000 kg/m
3
True density of cellulose [179] ρtruecellulose 1500 kg/m
3
Bulk density of cellulose ρbulkcellulose 300 kg/m
3
Heat capacity of He [142] CP,He 5193.2 J/kg K
Heat capacity of cellulose at 350 K [180] CP,cellulose (350 K) 1300 J/kg K
Heat capacity of cup [142] CP,Cup 500 J/kg K
Viscosity of He at 773 K [181] µHe (773 K) 0.000039 Pa s
Viscosity of He at 573 K [181] µHe (573 K) 0.000031 Pa s
Viscosity of fluid at its average bulk temperature µb Pa s
Viscosity of fluid at wall temperature µw Pa s
Thermal conductivity of He at 500 K [182] kHe (500 K) 0.2223 W/m K
Thermal conductivity of cellulose [183] kcellulose 0.2426 W/m K
Thermal conductivity of cup at 498 K [142] kcup (498 K) 19 W/m K
Inner diameter of quartz pyrolysis tube dtube 0.0048 m
Inner diameter of cup dcup 0.004 m
Emissivity of quartz [142] quartz 0.93
Stefan-Boltzmann constant σ0 5.67×10−8 W/m2 K4
View factor φ12 1
Thermal diffusivity α m2/s




Characteristic length LC m




















Qconvection = hA(Tquartz − THe) (A.5)
Qradiation = quartzσ0φ12A(T
4
quartz − T 4He) (A.6)





THe,1 = 298K (A.9)
THe,2 = 773K (A.10)
Tquartz = 773K (A.11)
For heat transfer to the cup, heat convection from the helium flow and radiation from the
quartz tube were considered. The convection included both inside and outside of the cup.
Similarly, the empirical formula for forced convection in laminar pipe flow was used for Nu
estimation due to the value of Re number. The heat convection coefficient was calculated using
equation (A.12) - (A.18). The differential equations of (A.19) - (A.21) with two boundary
conditions, (A.22) and (A.23), were used to obtain a numerical solution of Tcup over time. The





































Qconvection = (hin + hout)A(THe − Tcup(t)) (A.19)
Qradiation = quartzσ0φ12A(T
4





Tcup(0) = 298K (A.22)
THe = 773K (A.23)
To calculate heating rates for cellulose, convective heat transfer from helium was assumed
to be the main heating source as the previous calculation showed helium was heated up to
500 ◦C before it reached the cellulose. The flow pattern of helium inside of the sample cup
was assumed to be as shown in figure 2.1 with a similar linear velocity as in the upper tube.
Based on the value of Re, the empirical formula for laminar flow over a flat plate was used to
calculate the average Nu for powder cellulose and the thin film from powder cellulose. For the
thin film from nano cellulose, the empirical formula for forced convection in laminar pipe flow
was used to calculate Nu, because the nano cellulose thin film was predominately on the wall
of the cup instead of concentrated at the bottom. Moreover, a spherical shape was assumed for
powder cellulose and a rectangular shape was assumed for the thin film from powder cellulose
and nano cellulose. Next, the area for heat convection was calculated based on the shape
assumptions. For the thin film from nano cellulose, an average thickness of 2 µm and the
true density of cellulose was used to calculate the area which was proportional to the sample
weight. For the thin film from powder cellulose, the longitudinal cross sectional area of the cup
was used as the area for convection. Equations (A.24), (A.26), (A.27), and (A.29) were used
to calculate the heat transfer coefficient for powder cellulose and the thin film from powder
cellulose, while equations (A.25), (A.26), (A.28), and (A.30) were used to calculate the heat
transfer coefficient for the thin film from nano cellulose. The differential equations (A.31) and
(A.32) and two boundary conditions, (A.33) and (A.34), were used to calculate Tcellulose over
time by assuming a uniform temperature profile inside of the cellulose samples during heating.
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The results show the cellulose heating rates were higher than the cup. The thermal contact
conductance between cellulose and cup was not considered in the current calculation due to lack
of a thermal conduction coefficient between cellulose and the cup. Instead, thermal diffusivity
(α) was used to compare the ability to conduct thermal energy versus the ability to store
thermal energy between the cellulose and sample cup. According to equation (A.35) and (A.36),
αcellulose is an order of magnitude lower than αcup, suggesting the cellulose has a much stronger
ability to store thermal energy instead of conducting heat compared to the cup. Therefore,
it is possible that for the cellulose, the thermal energy received from the helium was mainly
stored instead of conducted to the cup. Equation (A.37) was used to calculate Bi for cellulose
with different shapes and sample weights. The values are shown in Table A.2. For thin film
cellulose, LC is the thickness of cellulose samples determined by SEM analysis. For powder
cellulose, LC was calculated by using the sample weight, cross sectional area of the cup, and
bulk density of the cellulose. Bi was smaller than 0.1 for all cellulose samples within the tested

































Qconvection = hinA(THe − Tcellulose) (A.31)




Tcellulose(0) = 298K (A.33)














Table A.2: Biot number for different cellulose samples under pyrolysis conditions.















Identification of Pyrolysis Products from Glucose-based Carbohydrates
The products identified in Table A.3 were were identified and quantified using a Bruker
430GC and DB-1701 (Phenomenex) column.
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major ion fragments notes




28 - Detected by IR -
Carbon Dioxide
(CO2)
44 - Detected by IR -
GC Detectable Compounds
Formaldehyde 30 4.95 30(999) a
Acetaldehyde 44 5.34 44(999) 43(384) ac





a Confirmed by mass spectroscopy and retention time analysis. b Confirmed by mass spectroscopy only,
pure standard unavailable. c Confirmed previously by Patwardhan et al. [48]. d Based on retention time
and molecular weight analysis from Fabbri et al. [184] e Confirmed previously by Shafizadeh et al. [185]
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major ion fragments notes
(Da) (min) [m/z(rel. height)]
Acetone 58 6.38 58(561) 43(999) ac



















a Confirmed by mass spectroscopy and retention time analysis. b Confirmed by mass spectroscopy only,
pure standard unavailable. c Confirmed previously by Patwardhan et al. [48]. d Based on retention time
and molecular weight analysis from Fabbri et al. [184] e Confirmed previously by Shafizadeh et al. [185]
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major ion fragments notes
(Da) (min) [m/z(rel. height)]
Acetol 74 11.64 74(201) 43(999) ac























a Confirmed by mass spectroscopy and retention time analysis. b Confirmed by mass spectroscopy only,
pure standard unavailable. c Confirmed previously by Patwardhan et al. [48]. d Based on retention time
and molecular weight analysis from Fabbri et al. [184] e Confirmed previously by Shafizadeh et al. [185]
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major ion fragments notes





























a Confirmed by mass spectroscopy and retention time analysis. b Confirmed by mass spectroscopy only,
pure standard unavailable. c Confirmed previously by Patwardhan et al. [48]. d Based on retention time
and molecular weight analysis from Fabbri et al. [184] e Confirmed previously by Shafizadeh et al. [185]
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major ion fragments notes



























a Confirmed by mass spectroscopy and retention time analysis. b Confirmed by mass spectroscopy only,
pure standard unavailable. c Confirmed previously by Patwardhan et al. [48]. d Based on retention time
and molecular weight analysis from Fabbri et al. [184] e Confirmed previously by Shafizadeh et al. [185]
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major ion fragments notes























a Confirmed my mass spectroscopy and retention time analysis. b Confirmed by mass spectroscopy only.
c Confirmed previously by Patwardhan et al. [48]. d Based on retention time and molecular weight
analysis from Fabbri et al. [184] e Confirmed previously by Shafizadeh et al. [185]
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Pyrolysis Product Distribution from Neat Glucose-based Carbohydrates
Table A.4: Volatile product distribution for fast pyrolysis of Sigmacell 50 with different sample
weights. All values are in wt. %.
Compound 200 µg 500 µg 800 µg 1100 µg 1400 µg 2000 µg
Formaldehyde 0.18±0.00 0.18±0.01 0.17±0.02 0.16±0.01 0.27±0.26 0.04±0.00
Acetaldehyde 0.73±0.17 0.58±0.02 0.56±0.06 0.58±0.08 0.48±0.19 0.11±0.02
Furan 0.07±0.00 0.07±0.01 0.07±0.00 0.08±0.00 0.07±0.02 0.02±0.00
Acrolein 0.17±0.00 0.17±0.01 0.16±0.02 0.16±0.01 0.13±0.05 0.02±0.01
Acetone 0.06±0.02 0.04±0.00 0.04±0.01 0.05±0.00 0.04±0.02 0.01±0.01
Methyl Glyoxal 1.17±0.27 1.02±0.04 0.85±0.07 0.82±0.06 0.55±0.08 0.12±0.03
2-methyl Furan 0.04±0.01 0.04±0.00 0.04±0.01 0.04±0.00 0.04±0.01 0.01±0.01
Methyl Vinyl
Ketone
0.31±0.01 0.32±0.02 0.29±0.03 0.29±0.01 0.23±0.09 0.05±0.03
Glycolaldehyde 7.57±0.81 7.16±0.40 6.30±0.23 5.96±0.30 4.14±0.44 1.29±0.23
Acetic Acid 0.27±0.20 0.25±0.01 0.26±0.07 0.30±0.00 0.25±0.02 0.05±0.03
Acetol 0.46±0.21 0.36±0.03 0.29±0.04 0.33±0.02 0.21±0.01 0.06±0.03
MW 86 0.27±0.01 0.26±0.04 0.28±0.02 0.29±0.00 0.27±0.05 0.05±0.03
Furfural 0.34±0.04 0.33±0.02 0.37±0.02 0.39±0.01 0.37±0.03 0.11±0.01
2-furanmethanol 0.07±0.02 0.07±0.01 0.07±0.01 0.07±0.00 0.05±0.01 0.01±0.04




0.30±0.01 0.29±0.01 0.29±0.04 0.31±0.03 0.23±0.06 0.05±0.00
5-methyl Furfural 0.06±0.01 0.05±0.00 0.06±0.00 0.06±0.00 0.05±0.01 0.01±0.02
2(5H) Furanone 0.15±0.05 0.10±0.01 0.10±0.00 0.14±0.06 0.09±0.03 0.02±0.00
Continued on next page
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Table A.4 – Volatile product distribution continued
Compound 200 µg 500 µg 800 µg 1100 µg 1400 µg 2000 µg
MW 114 DAXP 2 0.48±0.07 0.46±0.05 0.48±0.02 0.48±0.02 0.46±0.03 0.15±0.01
Methyl
Cyclopentenolone
0.09±0.03 0.08±0.01 0.07±0.00 0.08±0.00 0.07±0.02 0.01±0.02
Other DAXP 2 0.16±0.11 0.24±0.03 0.22±0.01 0.23±0.03 0.18±0.08 0.03±0.00
Levoglucosenone 0.10±0.01 0.11±0.01 0.12±0.01 0.13±0.02 0.13±0.01 0.03±0.01
Cyclic Hydroxy
Lactone
1.03±0.14 1.08±0.10 0.96±0.08 0.94±0.18 0.72±0.09 0.14±0.01
DAGP 0.30±0.01 0.31±0.02 0.34±0.00 0.32±0.00 0.29±0.13 0.06±0.01
HMF 1.00±0.04 0.98±0.05 0.93±0.01 0.91±0.00 0.91±0.15 0.21±0.01
ADGH 2.33±0.43 2.58±0.10 2.43±0.11 2.09±0.33 1.77±0.10 0.38±0.07
Other AXP 0.46±0.03 0.43±0.05 0.34±0.01 0.30±0.10 0.22±0.04 0.17±0.11
Levoglucosan 54.8±1.36 55.5±2.51 57.4±1.64 53.7±0.34 51.5±3.08 22.6±2.36
Levoglucosan-
furanose
3.68±0.19 3.84±0.36 4.01±0.32 4.69±0.47 6.06±1.46 4.17±0.36
GC-Detectables 76.6±5.30 77.0±1.80 77.5±1.12 73.9±0.45 69.8±3.81 30.0±3.58
Co-pyrolysis of powder cellulose and levoglucosan was performed for different sample weights
to evaluate whether there was an interaction between levoglucosan and other cellulose derived
products. The sample weight of the mixture was around 600 µg and two weight ratios for cellu-
lose over levoglucosan of 1.3 and 1 were used. As shown in Table A.6, the yield of levoglucosan
was consistent with the superposition result for the two reactants. Moreover, the yield for other
products was similar to their yield from pure Sigmacell. The results suggested that there were
negligible secondary reaction between levoglucosan and other products during fast pyrolysis of
powder cellulose as long as the sample weight was not too high.
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Table A.5: Volatile product distribution for fast pyrolysis of the nano cellulose thin film and
powder cellulose thin film. All values are in wt. %.
Compound Thin Film Thin Film






Methyl Glyoxal 1.32±0.03 1.80±0.05
2-methyl Furan 0.05±0.00 0.03±0.00
Methyl Vinyl Ketone 0.51±0.02 0.29±0.02
Glycolaldehyde 8.01±0.01 7.11±1.79
Acetic Acid 0.29±0.03 0.11±0.06
Acetol 0.70±0.07 0.27±0.00




2-hydroxy cyclopent-2-en-1-one 0.34±0.02 0.17±0.00
5-methyl Furfural 0.06±0.00 0.06±0.01
2(5H) Furanone 0.13±0.00 0.07±0.01
MW 114 DAXP 2 0.37±0.04 0.42±0.04
Methyl Cyclopentenolone 0.12±0.02 0.06±0.01
Other DAXP 2 0.31±0.04 0.38±0.06
Levoglucosenone 0.10±0.01 0.13±0.02













Table A.6: Volatile product distribution for co-pyrolysis of powder cellulose with levoglucosan.








Methyl Glyoxal 0.89 1.16
2-methyl Furan 0.04 0.03
Methyl Vinyl Ketone 0.34 0.34
Glycolaldehyde 8.02 8.78
Acetic Acid 0.29 0.32
Acetol 0.39 0.51




2-hydroxy cyclopent-2-en-1-one 0.35 0.31
5-methyl Furfural 0.06 0.06
2(5H) Furanone 0.16 0.11
MW 114 DAXP 2 0.36 0.45
Methyl Cyclopentenolone 0.10 0.09
Other DAXP 2 0.20 0.21
Levoglucosenone 0.10 0.11








Table A.7: Product distribution for co-pyrolysis of levoglucosan (LG) with char. Yield is based
on levoglucosan. All numbers are in wt. %.
Compound LG 600 µg LG 450 µg LG 300 µg
+ char + char + char
Formaldehyde 0.10 0.06 0.09
Acetaldehyde 0.41 0.25 0.60
Furan 0.02 0.02 0.02
Acrolein 0.11 0.06 0.08
Acetone 0.03 0.02 0.04
Methyl Glyoxal 0.58 1.33 0.32
2-methyl Furan 0.01 0.01 n.d.
Methyl Vinyl Ketone 0.18 0.11 0.12
Glycolaldehyde 3.00 2.17 0.52
Acetic Acid 0.15 0.11 n.d.
Acetol 0.15 0.09 0.04
MW 86 0.07 0.03 0.08
Furfural 0.10 0.04 0.05
2-furanmethanol n.d. n.d. n.d.
3-furanmethanol n.d. n.d. n.d.
2-hydroxy cyclopent-2-en-1-one 0.13 0.07 0.12
5-methyl Furfural n.d. n.d. n.d.
2(5H) Furanone n.d. n.d. n.d.
MW 114 DAXP 2 0.22 0.11 n.d.
Methyl Cyclopentenolone 0.04 0.02 n.d.
Other DAXP 2 0.19 0.09 n.d.
Levoglucosenone n.d. n.d. n.d.
Cyclic Hydroxy Lactone 0.68 0.35 0.19
DAGP 0.13 0.08 n.d.
HMF 0.16 0.11 0.14
ADGH 0.16 2.15 0.15
Other AXP n.d. n.d. n.d.
Levoglucosan 59.3 61.8 89.4
Levoglucosan-furanose n.d. n.d. n.d.
CO 2.92 2.34 n.d.
CO2 2.04 1.46 n.d.
Char 10.00 n.d. n.d.
Total Volatile Yield 6.62 4.29 2.56
n.d. - not detected
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methyl glyoxal 3.04±0.20 3.12±0.54
2-methylfuran 0.05±0.01 0.07±0.02
glycolaldehyde 18.42±0.22 16.45±4.76











levoglucosan (pyranose) 8.50±0.35 8.34±2.57





Pyrolysis Product Distribution from NaCl-impregnated Glucose-based
Carbohydrates
151
Table A.9: Product distribution (in wt.%) from fast pyrolysis of NaCl-impregnated d-glucose.
Product↓ Glucose + NaCl
(wt% NaCl→) 0.00 0.17 0.49 0.93 2.0
Formaldehyde 0.407 0.323 0.683 0.663 0.543
Acetaldehyde 0.611 0.595 0.576 0.554 0.503
Methanol 0.319 0.196 0.299 0.374 0.240
Furan 0.146 0.119 0.108 0.114 0.285
Propenal (Acrolein) 0.182 0.169 0.131 0.136 0.137
Acetone 0.108 0.118 0.102 0.115 0.112
Methyl glyoxal 1.501 1.685 1.176 1.419 1.180
2-methyl furan 0.124 0.150 0.136 0.159 0.122
Vinyl Acetate 0.246 0.251 0.314 0.352 0.322
Glycolaldehyde 5.205 4.699 3.343 3.182 4.638
Acetic Acid 0.323 0.257 0.297 0.273 0.340
Acetol 0.586 0.510 0.535 0.432 0.419
MW 86 0.396 0.315 0.267 0.232 0.217
furfural 0.956 1.009 0.810 0.818 0.420
2-furanmethanol 0.088 0.074 0.051 0.060 0.044
3-furanmethanol 0.116 0.065 0.040 0.050 0.051
MW 102 0.116 0.108 0.102 0.073 0.072
2-hydroxy cyclopent-2-en-1-one 0.355 0.178 0.232 0.183 0.189
5-methyl furfural 0.134 0.127 0.172 0.189 0.135
2(5H) furanone 0.083 0.071 0.079 0.087 0.067
Dihydroxyacetone 0.111 0.077 0.089 0.100 0.039
methyl cyclopentenolone 0.100 0.083 0.088 0.068 0.064
other Dianhydroxylopyranose 2 0.144 0.145 0.151 0.144 0.119
Levoglucosenone 0.613 1.134 1.510 1.745 0.912
cyclic hydroxyl lactone 0.773 0.797 0.669 0.717 0.552
1,4,3,6-dianhydro-α-d-glucopyranose 0.377 0.689 0.670 0.833 0.767
5-hydroxy methyl furfural 4.927 6.265 5.548 6.466 4.612
dianhydro glucopyranose 0.070 0.311 0.263 0.216 0.206
other AXP 0.242 0.423 0.441 0.193 0.191
levoglucosan 8.100 8.399 5.357 5.320 5.797
levoglucosan-furanose 3.957 4.276 2.307 2.124 2.884
CO 1.20 1.19 1.48 1.47 1.62
CO2 7.56 8.07 8.65 10.31 8.30
char 9.34 7.38 9.46 12.75 11.35
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Table A.10: Standard deviation of product yields (in wt.%) from fast pyrolysis of NaCl-
impregnated d-glucose.
Product↓ Glucose + NaCl
(wt% NaCl→) 0.00 0.17 0.49 0.93 2.0
Formaldehyde 0.02 0.06 0.03 0.08 0.03
Acetaldehyde 0.06 0.02 0.03 0.05 0.02
Methanol 0.07 0.06 0.05 0.04 0.01
Furan 0.02 0.02 0.01 0.01 0.01
Propenal (Acrolein) 0.03 0.01 0.02 0.01 0.00
Acetone 0.02 0.01 0.01 0.00 0.00
Methyl glyoxal 0.11 0.18 0.21 0.06 0.05
2-methyl furan 0.04 0.01 0.03 0.01 0.00
Vinyl Acetate 0.21 0.17 0.05 0.01 0.00
Glycolaldehyde 0.46 0.68 1.32 1.00 0.29
Acetic Acid 0.02 0.09 0.03 0.02 0.01
Acetol 0.05 0.06 0.02 0.08 0.02
MW 86 0.02 0.04 0.01 0.03 0.01
furfural 0.34 0.04 0.05 0.02 0.00
2-furanmethanol 0.01 0.01 0.01 0.01 0.01
3-furanmethanol 0.08 0.00 0.02 0.01 0.01
MW 102 0.01 0.01 0.00 0.02 0.00
2-hydroxy cyclopent-2-en-1-one 0.03 0.15 0.02 0.06 0.01
5-methyl furfural 0.08 0.08 0.01 0.01 0.01
2(5H) furanone 0.05 0.03 0.04 0.04 0.01
Dihydroxyacetone 0.05 0.01 0.04 0.04 0.00
methyl cyclopentenolone 0.00 0.02 0.00 0.02 0.00
other Dianhydroxylopyranose 2 0.01 0.01 0.01 0.01 0.01
Levoglucosenone 0.74 0.92 0.22 0.18 0.08
cyclic hydroxyl lactone 0.05 0.05 0.06 0.05 0.01
1,4,3,6-dianhydro-α-d-glucopyranose 0.40 0.45 0.26 0.11 0.06
5-hydroxy methyl furfural 0.09 0.17 0.82 0.48 0.24
dianhydro glucopyranose 0.05 0.05 0.02 0.05 0.08
other AXP 0.12 0.06 0.09 0.20 0.13
levoglucosan 1.47 1.06 0.20 0.87 0.38
levoglucosan-furanose 0.68 0.50 0.19 0.35 0.29
CO 0.16 0.25 0.39 0.75 0.61
CO2 1.38 1.41 1.46 1.78 0.75
char 1.95 1.64 0.81 0.20 0.82
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Table A.11: Product distribution (in wt.%) from fast pyrolysis of NaCl-impregnated cellobiose.
Product↓ Cellobiose + NaCl
(wt% NaCl→) 0.00 0.12 0.66 1.20 3.40
Formaldehyde 0.507 0.517 0.580 0.630 0.603
Acetaldehyde 0.468 0.493 0.528 0.542 0.552
Methanol 0.183 0.180 0.195 0.231 0.220
Furan 0.224 0.202 0.256 0.247 0.249
Propenal (Acrolein) 0.213 0.199 0.198 0.177 0.168
Acetone 0.061 0.066 0.068 0.086 0.092
Methyl glyoxal 0.892 0.893 0.966 1.032 1.017
2-methyl furan 0.073 0.091 0.095 0.109 0.110
Vinyl Acetate 0.260 0.250 0.278 0.322 0.312
Glycolaldehyde 7.142 7.086 6.380 6.718 6.155
Acetic Acid 0.137 0.197 0.203 0.290 0.243
Acetol 0.296 0.250 0.389 0.490 0.462
MW 86 0.375 0.389 0.399 0.391 0.379
furfural 0.818 0.822 0.844 0.727 0.697
2-furanmethanol 0.047 0.051 0.023 0.030 0.027
3-furanmethanol 0.028 0.033 0.044 0.051 0.049
MW 102 0.121 0.118 0.116 0.091 0.089
2-hydroxy cyclopent-2-en-1-one 0.269 0.275 0.293 0.299 0.294
5-methyl furfural 0.082 0.138 0.151 0.156 0.153
2(5H) furanone 0.096 0.102 0.110 0.114 0.108
Dihydroxyacetone 0.070 0.087 0.096 0.095 0.092
methyl cyclopentenolone 0.076 0.077 0.085 0.094 0.094
other Dianhydroxylopyranose 2 0.104 0.125 0.136 0.137 0.136
Levoglucosenone 0.380 0.477 0.503 0.494 0.531
cyclic hydroxyl lactone 1.582 1.524 1.710 1.321 1.234
1,4,3,6-dianhydro-α-d-glucopyranose 0.972 0.905 1.013 0.834 0.871
5-hydroxy methyl furfural 3.353 4.161 4.499 4.604 4.795
dianhydro glucopyranose 0.964 0.856 0.893 0.676 0.652
other AXP 0.274 0.530 0.117 0.174 0.155
levoglucosan 27.228 22.591 22.529 16.738 16.178
levoglucosan-furanose 2.135 1.608 1.609 1.087 1.077
CO 1.11 1.27 1.19 1.36 1.71
CO2 6.10 5.88 8.22 8.66 8.98
char 5.72 3.95 6.49 7.51 8.15
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Table A.12: Standard deviation of product yields (in wt.%) from fast pyrolysis of NaCl-
impregnated cellobiose.
Product↓ Cellobiose + NaCl
(wt% NaCl→) 0.00 0.12 0.66 1.20 3.40
Formaldehyde 0.04 0.02 0.08 0.07 0.06
Acetaldehyde 0.01 0.03 0.02 0.02 0.01
Methanol 0.01 0.06 0.05 0.04 0.02
Furan 0.01 0.08 0.02 0.01 0.02
Propenal (Acrolein) 0.01 0.01 0.03 0.01 0.01
Acetone 0.00 0.01 0.01 0.01 0.01
Methyl glyoxal 0.11 0.08 0.04 0.16 0.09
2-methyl furan 0.01 0.01 0.01 0.01 0.01
Vinyl Acetate 0.02 0.02 0.03 0.00 0.01
Glycolaldehyde 1.67 0.69 0.74 1.47 1.47
Acetic Acid 0.06 0.02 0.06 0.06 0.04
Acetol 0.07 0.17 0.07 0.04 0.02
MW 86 0.01 0.01 0.01 0.01 0.04
furfural 0.05 0.05 0.08 0.05 0.06
2-furanmethanol 0.00 0.01 0.01 0.00 0.01
3-furanmethanol 0.01 0.01 0.01 0.01 0.01
MW 102 0.01 0.01 0.02 0.01 0.01
2-hydroxy cyclopent-2-en-1-one 0.03 0.01 0.01 0.03 0.01
5-methyl furfural 0.04 0.01 0.01 0.02 0.04
2(5H) furanone 0.01 0.00 0.00 0.00 0.02
Dihydroxyacetone 0.00 0.00 0.00 0.00 0.01
methyl cyclopentenolone 0.02 0.01 0.01 0.01 0.01
other Dianhydroxylopyranose 2 0.01 0.00 0.01 0.01 0.01
Levoglucosenone 0.04 0.03 0.06 0.06 0.02
cyclic hydroxyl lactone 0.09 0.24 0.18 0.04 0.09
1,4,3,6-dianhydro-α-d-glucopyranose 0.17 0.08 0.21 0.11 0.03
5-hydroxy methyl furfural 0.36 0.31 0.67 0.49 0.21
dianhydro glucopyranose 0.09 0.08 0.24 0.06 0.09
other AXP 0.13 0.84 0.08 0.01 0.04
levoglucosan 3.70 1.08 4.48 1.59 1.35
levoglucosan-furanose 0.30 0.12 0.42 0.11 0.21
CO 0.22 0.26 0.17 0.06 0.33
CO2 1.77 1.01 0.44 1.27 0.66
char 1.10 0.57 0.44 1.04 1.51
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Table A.13: Product distribution (in wt.%) from fast pyrolysis of NaCl-impregnated malto-
hexaose.
Product↓ Maltohexaose + NaCl
(wt% NaCl→) 0.00 0.05 0.32 1.04 1.72
Formaldehyde 0.360 0.530 0.570 0.580 0.645
Acetaldehyde 0.385 0.479 0.556 0.565 0.571
Methanol 0.063 2.208 3.447 3.731 4.129
Furan 0.060 0.111 0.118 0.125 0.130
Propenal (Acrolein) 0.144 0.176 0.174 0.172 0.187
Acetone 0.035 0.068 0.091 0.094 0.164
Methyl glyoxal 1.172 1.044 1.095 1.167 0.888
2-methyl furan 0.039 0.085 0.093 0.090 0.101
Vinyl Acetate 0.256 0.292 0.255 0.384 0.370
Glycolaldehyde 8.462 6.076 6.553 6.403 5.305
Acetic Acid 0.140 0.217 0.250 0.235 0.315
Acetol 0.438 0.479 0.620 0.672 0.616
MW 86 0.196 0.243 0.264 0.219 0.218
furfural 0.332 0.458 0.391 0.308 0.297
2-furanmethanol 0.218 0.186 0.501 0.428 0.578
3-furanmethanol 0.030 0.045 0.058 0.080 0.080
MW 102 0.034 0.047 0.042 0.044 0.033
2-hydroxy cyclopent-2-en-1-one 0.251 0.272 0.315 0.305 0.278
5-methyl furfural 0.060 0.094 0.108 0.093 0.105
2(5H) furanone 0.099 0.115 0.129 0.123 0.131
Dihydroxyacetone 0.132 0.121 0.124 0.091 0.104
methyl cyclopentenolone 0.092 0.081 0.092 0.095 0.051
other Dianhydroxylopyranose 2 0.142 0.160 0.139 0.151 0.123
Levoglucosenone 0.303 0.406 0.325 0.187 0.130
cyclic hydroxyl lactone 0.848 1.245 2.223 2.268 0.897
1,4,3,6-dianhydro-α-d-glucopyranose 0.629 0.919 0.942 0.997 1.017
5-hydroxy methyl furfural 1.753 2.828 2.693 2.750 2.690
dianhydro glucopyranose 1.840 1.293 0.873 1.094 0.678
other AXP 0.084 0.094 0.068 0.119 0.076
levoglucosan 33.110 23.884 17.853 17.112 14.960
levoglucosan-furanose 0.508 0.708 0.510 0.515 0.535
CO 1.23 1.50 1.22 1.19 1.20
CO2 6.11 8.04 8.47 9.22 9.50
char 5.51 7.05 8.02 8.70 7.78
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Table A.14: Standard deviation of product yields (in wt.%) from fast pyrolysis of NaCl-
impregnated maltohexaose.
Product↓ Maltohexaose + NaCl
(wt% NaCl→) 0.00 0.05 0.32 1.04 1.72
Formaldehyde 0.02 0.02 0.02 0.01 0.04
Acetaldehyde 0.03 0.02 0.01 0.00 0.04
Methanol 0.02 0.00 0.10 0.12 0.04
Furan 0.01 0.00 0.00 0.00 0.00
Propenal (Acrolein) 0.01 0.00 0.01 0.00 0.01
Acetone 0.00 0.00 0.00 0.00 0.00
Methyl glyoxal 0.06 0.02 0.08 0.02 0.01
2-methyl furan 0.01 0.00 0.01 0.00 0.01
Vinyl Acetate 0.03 0.02 0.18 0.00 0.03
Glycolaldehyde 0.39 1.12 0.56 0.17 0.39
Acetic Acid 0.03 0.01 0.00 0.01 0.04
Acetol 0.01 0.06 0.04 0.00 0.06
MW 86 0.02 0.02 0.01 0.00 0.04
furfural 0.03 0.01 0.03 0.00 0.02
2-furanmethanol 0.17 0.22 0.02 0.01 0.10
3-furanmethanol 0.01 0.02 0.00 0.00 0.00
MW 102 0.00 0.00 0.00 0.00 0.00
2-hydroxy cyclopent-2-en-1-one 0.02 0.03 0.02 0.00 0.01
5-methyl furfural 0.00 0.00 0.00 0.02 0.00
2(5H) furanone 0.01 0.01 0.00 0.01 0.01
Dihydroxyacetone 0.09 0.01 0.00 0.03 0.01
methyl cyclopentenolone 0.01 0.01 0.01 0.01 0.05
other Dianhydroxylopyranose 2 0.01 0.00 0.02 0.01 0.02
Levoglucosenone 0.01 0.04 0.04 0.07 0.01
cyclic hydroxyl lactone 0.19 0.14 0.08 0.10 0.01
1,4,3,6-dianhydro-α-d-glucopyranose 0.04 0.01 0.10 0.06 0.05
5-hydroxy methyl furfural 0.10 0.19 0.17 0.06 0.11
dianhydro glucopyranose 0.11 0.21 0.02 0.14 0.16
other AXP 0.05 0.06 0.02 0.06 0.01
levoglucosan 3.89 1.51 1.15 0.21 0.57
levoglucosan-furanose 0.07 0.03 0.03 0.00 0.09
CO 0.05 0.49 0.09 0.61 0.16
CO2 0.46 0.94 0.16 1.64 1.42
char 0.79 0.11 2.18 2.38 3.24
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Table A.15: Product distribution (in wt.%) from fast pyrolysis of NaCl-impregnated cellulose.
Product↓ Cellulose + NaCl
(wt% NaCl→) 0.00 0.06 0.31 1.18 1.75
Formaldehyde 0.40 0.64 1.15 0.69 1.19
Acetaldehyde 0.68 0.73 1.16 0.82 1.13
Methanol 0.14 0.15 0.22 0.16 0.27
Furan 0.08 0.06 0.08 0.05 0.08
Propenal 0.30 0.30 0.41 0.16 0.27
Acetone 0.06 0.08 0.16 0.12 0.21
Methyl glyoxal 1.13 1.12 1.10 0.73 0.95
2-methyl furan 0.05 0.05 0.07 0.05 0.08
Vinyl Acetate 0.11 0.24 0.70 0.18 0.82
Glycolaldehyde 7.88 12.12 15.63 6.38 12.01
Acetic Acid 0.10 0.06 0.35 0.10 0.63
Acetol 0.38 1.02 3.00 4.43 2.79
MW 86 0.26 1.16 0.74 1.11 1.20
furfural 0.33 0.19 0.37 0.16 0.42
2-furanmethanol 0.07 0.07 0.83 0.11 0.85
3-furanmethanol 0.04 0.10 0.06 0.10 0.05
MW 102 0.08 0.40 0.07 0.28 0.07
2-hydroxy cyclopent-2-en-1-one 0.15 0.22 0.53 0.21 0.41
5-methyl furfural 0.05 0.08 0.07 0.07 0.07
2(5H) furanone 0.13 0.71 0.25 0.46 0.06
MW 114 DAXP 2 0.47 0.90 0.19 0.50 0.17
methyl cyclopentenolone 0.07 0.04 0.24 0.02 0.25
other DAXP 2 0.18 0.08 0.13 0.04 0.09
Levoglucosenone 0.25 0.28 0.69 0.13 0.79
cyclic hydroxyl lactone 0.36 0.10 0.24 0.17 0.25
1,4,3,6-dianhydro-α-d-glucopyranose 1.72 0.09 0.12 0.06 0.07
5-hydroxy methyl furfural 0.92 0.67 0.26 0.82 0.34
dianhydro glucopyranose 4.90 1.39 0.45 0.82 0.54
other AXP 0.45 0.28 0.08 0.97 0.12
levoglucosan 54.50 15.16 9.10 8.67 8.52
levoglucosan-furanose 2.31 0.27 0.18 0.19 0.31
CO 1.84 2.14 2.29 2.77 2.42
CO2 3.57 3.85 5.45 7.63 6.53
char 4.57 5.15 8.50 7.37 9.02
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Table A.16: Standard deviation of product yields (in wt.%) from fast pyrolysis of NaCl-
impregnated cellulose.
Product↓ Cellulose + NaCl
(wt% NaCl→) 0.00 0.06 0.31 1.18 1.75
Formaldehyde 0.02 0.04 0.10 0.03 0.15
Acetaldehyde 0.03 0.00 0.02 0.02 0.01
Methanol 0.00 0.01 0.01 0.07 0.04
Furan 0.00 0.00 0.01 0.02 0.02
Propenal 0.00 0.00 0.03 0.01 0.01
Acetone 0.00 0.00 0.01 0.01 0.02
Methyl glyoxal 0.01 0.04 0.10 0.00 0.11
2-methyl furan 0.00 0.00 0.01 0.00 0.01
Acetic Acid ethenyl ester 0.03 0.01 0.02 0.01 0.06
Glycolaldehyde 0.44 0.88 0.20 0.05 0.20
Acetic Acid 0.01 0.00 0.05 0.04 0.03
Acetol 0.01 0.04 0.03 0.45 0.02
MW 86 0.30 0.56 0.91 0.84 0.47
furfural 0.07 0.01 0.05 0.17 0.01
2-furanmethanol 0.01 0.01 0.06 0.06 0.36
3-furanmethanol 0.00 0.00 0.01 0.04 0.00
MW 102 0.00 0.03 0.00 0.21 0.00
2-hydroxy cyclopent-2-en-1-one 0.01 0.01 0.01 0.01 0.01
5-methyl furfural 0.00 0.01 0.01 0.02 0.00
2(5H) furanone 0.00 0.71 0.30 0.31 0.00
MW 114 DAXP 2 0.10 0.03 0.04 0.39 0.00
methyl cyclopentenolone 0.00 0.00 0.01 0.01 0.00
other DAXP 2 0.01 0.00 0.00 0.02 0.07
Levoglucosenone 0.19 0.05 0.13 0.06 0.03
cyclic hydroxyl lactone 0.00 0.01 0.03 0.02 0.01
1,4,3,6-dianhydro-α-d-glucopyranose 0.07 0.07 0.09 0.00 0.00
5-hydroxy methyl furfural 0.33 0.06 0.04 0.09 0.01
dianhydro glucopyranose 0.66 0.09 0.09 0.07 0.04
other AXP 0.15 0.02 0.06 0.10 0.04
levoglucosan 1.33 1.41 0.54 1.11 0.20
levoglucosan-furanose 0.29 0.06 0.03 0.03 0.01
CO 0.18 0.28 0.11 0.18 0.11
CO2 1.22 0.31 1.83 0.30 0.42
char 0.79 0.42 0.09 0.58 0.17
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Table A.17: Product distribution (in wt.%) from fast pyrolysis of NaCl-impregnated levoglu-
cosan.
Product↓ Levoglucosan + NaCl
(wt% NaCl→) 0.00 1.10 3.20
Formaldehyde 0.00 0.10 0.24
Acetaldehyde 0.00 0.21 0.48
Methanol 0.00 0.05 0.00
Furan 0.00 0.02 0.04
Propenal 0.00 0.03 0.12
Acetone 0.00 0.03 0.06
Methyl glyoxal 0.00 0.22 0.51
2-methyl furan 0.00 0.01 0.02
Acetic Acid ethenyl ester 0.00 0.01 0.07
Glycolaldehyde 0.00 0.56 2.09
Acetic Acid 0.00 0.01 0.02
Acetol 0.00 0.09 0.77
MW 86 0.00 0.01 0.05
furfural 0.00 0.03 0.03
2-furanmethanol 0.00 0.11 0.04
3-furanmethanol 0.00 0.01 0.08
MW 102 0.00 0.01 0.05
2-hydroxy cyclopent-2-en-1-one 0.00 0.02 0.12
5-methyl furfural 0.00 0.06 0.03
2(5H) furanone 0.00 0.02 0.03
MW 114 DAXP 2 0.00 0.13 0.38
methyl cyclopentenolone 0.00 0.00 0.08
other DAXP 2 0.00 0.03 0.13
Levoglucosenone 0.00 0.04 0.09
cyclic hydroxyl lactone 0.00 0.08 0.40
1,4,3,6-dianhydro-α-d-glucopyranose 0.00 0.05 0.03
5-hydroxy methyl furfural 0.00 0.05 0.07
dianhydro glucopyranose 0.00 0.13 1.08
other AXP 0.00 0.03 0.14
levoglucosan 100.00 84.37 64.41
levoglucosan-furanose 0.00 0.32 1.16
CO 0.00 0.50 0.57
CO2 0.00 1.93 2.38
char 0.00 0.81 0.31
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Table A.18: Standard deviation of product yields (in wt.%) from fast pyrolysis of NaCl-
impregnated levoglucosan.
Product↓ Levoglucosan + NaCl
(wt% NaCl→) 0.00 1.10 3.20
Formaldehyde 0.00 0.00 0.04
Acetaldehyde 0.00 0.03 0.04
Methanol 0.00 0.04 0.00
Furan 0.00 0.00 0.01
Propenal 0.00 0.01 0.04
Acetone 0.00 0.00 0.00
Methyl glyoxal 0.00 0.14 0.03
2-methyl furan 0.00 0.01 0.00
Acetic Acid ethenyl ester 0.00 0.00 0.04
Glycolaldehyde 0.00 0.43 0.28
Acetic Acid 0.00 0.01 0.01
Acetol 0.00 0.12 0.36
MW 86 0.00 0.00 0.03
furfural 0.00 0.01 0.02
2-furanmethanol 0.00 0.08 0.01
3-furanmethanol 0.00 0.00 0.01
MW 102 0.00 0.00 0.04
2-hydroxy cyclopent-2-en-1-one 0.00 0.01 0.07
5-methyl furfural 0.00 0.03 0.02
2(5H) furanone 0.00 0.01 0.00
MW 114 DAXP 2 0.00 0.08 0.14
methyl cyclopentenolone 0.00 0.00 0.03
other DAXP 2 0.00 0.02 0.06
Levoglucosenone 0.00 0.01 0.05
cyclic hydroxyl lactone 0.00 0.09 0.06
1,4,3,6-dianhydro-α-d-glucopyranose 0.00 0.06 0.00
5-hydroxy methyl furfural 0.00 0.04 0.04
dianhydro glucopyranose 0.00 0.08 1.09
other AXP 0.00 0.04 0.09
levoglucosan 2.17 1.52 10.23
levoglucosan-furanose 0.00 0.22 0.24
CO 0.00 0.02 0.15
CO2 0.00 0.24 0.10
char 0.00 0.42 1.60
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Identification of Products from the Hydrodeoxygenation in Biomass
Pyrolysis
The compounds listed in Table A.19 include the compounds that were identified and quan-
tified from the hydrodeoxygenation using MoO3 and an Agilent 7890B GC/TCD/FID and an
Agilent 5977A MS. The products from cellulose pyrolysis were reported in Table A.3 and are
not included here. The TCD was used to separate and quantify the CO, CO2, alkenes and
alkanes using a GS-GASPRO (Agilent) column. Benzene and toluene could be identified and
quantified using both the FID and TCD. Very similar yields for these two products were re-
ported when comparing both detectors. All other aromatics were quantified using only the FID
and a 1701 (Agilent) column.








(Da) (min) [m/z (rel. height)]




Methane 16 3.3 –




Ethylene 28 6.2 –
Propane 44 11.1 –
Propylene 42 13.9 –
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(Da) (min) [m/z(rel. height)]
i-Butane 58 15.3 –
n-Butane 58 15.8 –
i-Pentane 72 18.7 –
n-Pentane 72 19 –
n-Hexane 86 21.8 –
Benzene 78 24.6 –
Toluene 92 27.3 –


























Propyl Benzene 120 17.4 91(999) 120(267)
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Diethyl Benzenes 134 19.1-19.3
105(999) 119(935)
134(476)
Naphthalene 128 22 128(999) 127(129)
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Detailed Product Distributions of Hydrodeoxygenation Products in
Biomass Pyrolysis
Table A.20: Product distribution for multiple injections at a 200 mg MoO3 catalyst loading
in the HDO of cellulose at 400 ◦C with no H2 pre-reduction. The xylene yield includes the
summation of p-, m-, and o-xylene, and the C9+ benzene yield includes the summation of
propyl benzene, methyl ethyl benzenes, and diethyl benzenes. All values are reported in C%
of the volatile pyrolytic products.
Cellulose Injection Number
Compound 1 2 3 4 5 6 7 8 9 10
CO and CO2
CO 12.0 4.8 1.2 0.3 0.2 0.2 0.1 0.1 0.2 0.2
CO2 10.6 3.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Oxygenates
Oxygenates 31.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
C1 - C6
Methane 0.8 2.3 3.8 3.4 3.9 3.4 4.1 3.9 4.0 4.7
Ethane 0.0 1.6 10.2 9.0 10.8 12.0 11.7 13.2 13.0 12.7
Ethylene 0.8 0.1 0.2 0.1 0.1 0.0 0.1 0.1 0.1 0.0
Propane 0.2 7.6 9.3 10.4 12.2 10.1 11.5 11.9 12.3 11.5
Propylene 0.7 1.2 0.1 0.1 0.3 0.0 0.1 0.1 0.1 0.1
i -Butane 0.1 1.0 2.3 3.5 2.6 2.5 3.4 3.2 3.4 2.8
n-Butane 0.1 12.6 15.4 15.6 15.5 14.4 13.7 13.0 12.4 14.7
i -Pentane 1.2 4.6 9.7 10.0 8.8 9.5 7.4 8.5 7.1 5.8
n-Pentane 1.3 15.1 15.8 13.5 10.6 9.5 7.7 6.4 4.6 4.2
n-Hexane 0.1 4.3 1.6 1.4 1.0 0.4 0.3 0.0 0.2 0.0
Continued on next page
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Table A.20 – Product distribution continued
Cellulose Injection Number
Compound 1 2 3 4 5 6 7 8 9 10
Aromatics
Benzene 0.7 3.7 8.8 8.8 8.2 8.1 7.5 6.1 6.5 7.0
Toluene 1.7 2.3 5.3 6.1 4.5 5.1 4.9 2.9 2.8 0.6
Ethyl Benzene 0.0 0.5 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Xylene 0.2 1.3 1.6 0.7 0.0 0.0 0.0 0.0 0.0 0.0
C9+ Benzene 0.1 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Naphthalene 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total C (%) 61.6 66.8 85.3 82.9 78.6 75.2 72.5 69.4 66.7 64.3
H2 Consumption
(gH2/gfeed)
0.01 0.13 0.18 0.18 0.18 0.17 0.16 0.16 0.16 0.15
Table A.21: Product distribution for multiple injections at a 200 mg MoO3 catalyst loading
in the HDO of cellulose at 400 ◦C with a 1 hr H2 pre-reduction. The xylene yield includes
the summation of p-, m-, and o-xylene, and the C9+ benzene yield includes the summation of
propyl benzene, methyl ethyl benzenes, and diethyl benzenes. All values are reported in C%
of the volatile pyrolytic products.
Cellulose Injection Number
Compound 1 2 3 4
CO and CO2
CO 6.0 1.2 0.4 0.5
CO2 3.1 0.1 0.1 0.4
Continued on next page
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Table A.21 – Product distribution continued
Cellulose Injection Number
Compound 1 2 3 4
Oxygenates
Oxygenates 0.0 0.0 0.0 0.0
C1 - C6
Methane 4.3 4.7 3.7 3.6
Ethane 2.1 5.3 7.3 8.2
Ethylene 0.9 0.3 0.4 0.1
Propane 7.0 10.0 9.8 9.8
Propylene 1.6 0.3 0.4 0.0
i -Butane 1.3 1.1 2.1 0.3
n-Butane 13.0 14.5 18.6 18.2
i -Pentane 7.8 3.9 6.5 6.1
n-Pentane 15.6 17.5 16.1 13.6
n-Hexane 2.5 4.8 4.4 3.5
Aromatics
Benzene 5.0 3.9 5.0 3.0
Toluene 2.3 2.6 3.8 2.8
Ethyl Benzene 0.5 0.5 0.4 0.1
Xylene 1.8 1.8 1.9 1.3
C9+ Benzene 0.9 0.9 0.7 0.1
Naphthalene 0.2 0.1 0.0 0.0
Coke 26.3 10.4 3.7 0.0
Total C (%) 100.2 83.7 85.0 71.7
Continued on next page
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Table A.21 – Product distribution continued
Cellulose Injection Number
Compound 1 2 3 4
H2 Consumption
(gH2/gfeed)
0.13 0.15 0.16 0.15
Table A.22: Product distribution for multiple injections at a 200 mg MoO3 catalyst loading
in the HDO of lignin at 400 ◦C with a 1 hr H2 pre-reduction. The xylene yield includes the
summation of p-, m-, and o-xylene, and the C9+ benzene yield includes the summation of
propyl benzene, methyl ethyl benzenes, and diethyl benzenes. All values are reported in C%
of the volatile pyrolytic products.
Lignin Injection Number
Compound 1 2 3 4
CO and CO2
CO 3.8 0.3 0.1 0.0
CO2 5.4 0.0 0.1 0.0
Oxygenates
Oxygenates 0 0 0 0
C1 - C6
Methane 15.3 14.1 13.4 14.9
Ethane 0.6 7.0 9.3 7.6
Ethylene 0.2 0.1 0.2 0.1
Propane 3.7 7.6 5.4 3.8
Propylene 0.7 0.2 0.1 0.1
Continued on next page
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Table A.22 – Product distribution continued
Lignin Injection Number
Compound 1 2 3 4
i -Butane 1.0 1.8 1.2 1.1
n-Butane 2.2 3.9 4.2 3.1
i -Pentane 2.3 3.3 2.6 2.8
n-Pentane 3.1 3.3 4.2 4.3
n-Hexane 1.8 0.4 2.0 1.8
Aromatics
Benzene 6.1 20.1 7.7 10.4
Toluene 9.3 16.0 10.0 13.4
Ethyl Benzene 7.8 0.6 9.1 9.5
Xylene 3.4 2.3 3.9 2.3
C9+ Benzene 5.0 0.0 3.3 5.0
Naphthalene 0.2 0.0 0.2 0.3
Coke 31.0 7.4 14.4 0.0
Total C (%) 96.3 87.6 86.9 74.6
H2 Consumption
(gH2/gfeed)
0.11 0.13 0.13 0.13
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Table A.23: Product distribution for multiple injections at a 200 mg MoO3 catalyst loading
in the HDO of corn stover at 400 ◦C with a 1 hr H2 pre-reduction. The xylene yield includes
the summation of p-, m-, and o-xylene, and the C9+ benzene yield includes the summation of
propyl benzene, methyl ethyl benzenes, and diethyl benzenes. All values are reported in C%
of the volatile pyrolytic products.
Corn Stover Injection Number
Compound 1 2 3 4
CO and CO2
CO 8.8 8.1 3.4 0.7
CO2 18.2 4.7 0.3 0.0
Oxygenates
Oxygenates 0 0 0 0
C1 - C6
Methane 5.8 14.3 13.0 16.9
Ethane 1.6 2.6 15.2 17.1
Ethylene 0.7 0.3 0.5 0.1
Propane 6.9 11.4 12.5 11.7
Propylene 4.5 1.3 0.3 0.0
i -Butane 0.2 1.7 1.4 1.8
n-Butane 6.4 9.1 9.8 11.0
i -Pentane 1.5 4.0 5.2 4.3
n-Pentane 4.1 8.0 8.1 9.7
n-Hexane 0.4 1.3 0.8 1.0
Aromatics
Benzene 2.1 3.9 5.2 5.1
Continued on next page
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Table A.23 – Product distribution continued
Corn Stover Injection Number
Compound 1 2 3 4
Toluene 4.1 6.4 6.8 6.7
Ethyl Benzene 2.3 3.4 3.3 2.3
Xylene 2.1 2.8 3.0 2.8
C9+ Benzene 2.5 2.4 1.4 0.9
Naphthalene 0.1 0.2 0.1 0.0
Coke 32.2 5.3 6.9 0.0
Total C (%) 103.0 91.3 97.1 92.0
H2 Consumption
(gH2/gfeed)
0.08 0.14 0.17 0.19
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Table A.24: Product distribution from the hydrodeoxygenation of cellulose pyrolysis vapors
over MoO3 at different MoO3:cellulose mass loadings. Reaction conditions: 120 mL/min H2,
300 µg cellulose, 500 ◦C pyrolysis, 400 ◦C catalyst bed, catalyst pre-reduced 1 hr. The C8
aromatic yield includes the summation of ethylbenzene and p-, m-, and o-xylene, and the
C9+ aromatic yield includes the summation of propyl benzene, methyl ethyl benzenes, diethyl
benzenes, and naphthalene. The oxygenates yield includes all products which contained at
least one oxygen atom (excluding CO and CO2). All values are reported in C%.
Catalyst:Cellulose Mass Ratio
Compound 2:1 10:1 20:1 200:1
CO 1.3 0.9 0.7 0.7
CO2 1.6 2.5 1.8 0.0
Methane 0.6 1.2 1.1 0.7
Ethylene 4.0 6.7 5.1 3.5
Ethane 0.0 0.0 0.0 4.3
Propylene 2.3 2.8 1.0 0.0
Propane 0.8 7.7 9.5 11.2
1-Butene 2.3 0.9 0.3 0.0
trans-2-Butene 1.8 2.6 1.1 0.0
cis-2-Butene 1.2 1.1 0.4 0.0
i -Butane 0.1 1.5 1.4 2.1
n-Butane 0.9 6.8 10.2 11.2
Pentenes 1.5 2.0 0.0 0.0
i -Pentane 0.2 3.3 3.5 4.9
n-Pentane 1.0 8.9 9.8 9.6
Hexenes 6.0 2.9 5.8 0.0
n-Hexane 3.9 19.5 15.0 12.6
Benzene 4.0 6.5 4.5 5.6
Toluene 2.0 2.9 2.5 2.9
C8 Aromatic 0.5 2.5 2.1 0.0
C9+ Aromatic 0.0 3.1 1.2 0.1
Oxygenates 52.8 0.0 0.0 0.0
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Table A.25: Oxygenate product distribution from the hydrodeoxygenation of cellulose pyrolysis
model compounds over MoO3. Reaction conditions: 120 mL/min H2, 0.2 µL or 150-200 µg
feed injection, 0.8 mg MoO3, 400
◦C catalyst bed, catalyst pre-reduced 1 hr.
Furfural HMF
Product Yield (C%) Product Yield (C%)
Furan 3.4 2-Methylfuran 5.0
2-Methylfuran 45.9 2,5-Dimethylfuran 33.9
C10 Condensation 0.4 5-Methylfurfural 1.4
MG GA
Product Yield (C%) Product Yield (C%)
Acetaldehyde 5.2 Acetaldehyde 22.9
Propanal 9.4 Furan 3.4
Acetone 58.8 Acetone 3.4
Figure A.1: X-Ray diffraction patterns of fresh, reduced, and used (1 or 4 cellulose injections)
MoO3 catalyst beds. Some of the notable peaks in the catalyst diffractograms are labeled as
containing MoO3 phase denoted by ‘3’, MoO2 phase denoted by ‘2’, and sand denoted by ‘S’.
